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Abstract: Understanding the soil moisture behavior in relation to land use in tropical Andean
mountain catchments is essential for comprehending water fluxes, ecohydrological relations and
hydrological dynamics in this understudied ecosystem. Soils are a key factor of these ecosystems,
especially in reference to water level regulation and anthropogenic activities that can alter the
interactions, and generate physical, chemical and biological imbalances. In this study, we investigated
the relationship between precipitation, soil water content (SWC) and the flow at different pedon
scales, and hillslope and microcatchment scales subjected to different land uses. The results showed
the relation between the soils uses, topographical conditions and soil moisture at the microcatchment
scale. At the pedon scale, soil moisture is higher and with a low variability in depth; high soil
moisture content throughout the study period was registered in forest > pasture > coffee agroforestry
systems. The topographic wetness index (TWI), despite its adjusted interpretation of the behavior
of humidity at the microcatchment scale, is a poor predictor of the behavior of soil humidity at the
pedon scale. Pedon water content has a close relation with the precipitation behavior, especially in
prolonged dry and humid periods. The soils studied tend to present udic moisture regimes with
a dry period of approximately 67 accumulative days per year. The mean flow behavior responds
to precipitation and soil moisture behavior at a monthly scale. Understanding the consequences of
the land cover changes in relation to soil water behavior, as well as how soil water interacts with
the different components of the hydric balance at different scales, allows an understanding of the

complex interactions in natural microcatchments under different land use systems.
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1. Introduction

Land use changes can have a significant impact on the terrestrial component of the
water cycle, Roa-Garcia et al. [1]. An accurate description of soil moisture behavior re-
quires an understanding of the interplay between precipitation, soil and vegetation. Soil
moisture is closely related to soil structure because it affects plant growth by influencing
root distribution and the ability to take up water, facilitate oxygen and water infiltration,
improve water storage and increase water transfer through soil, Rampazzo et al. [2]; Pardo
et al. [3,4]. Volcanic ash soils have a large capacity to hold water, amplify differences in
land use and limit the potential impact of land use management activities (conservation
or restoration) on the water regulation function of catchments, Roa-Garcia et al. [1]. The
studies under forest cover of Lai et al. [5] showed the importance of the dynamic inter-
actions between rainfall, antecedent moisture and static soil properties (e.g., soil texture,
structure, horizon and macropores) in soil water behavior. The effects of land use and land
cover types representative of largely deforested areas of the Amazon basin were studied by
Zimmermann et al. [6], who reported the importance of land cover on soil hydrological
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flow paths (infiltrability and field-saturated hydraulic conductivity) in surfaces (12.5 and
20 cm depth). The soils under riparian and natural forest have a higher storage capacity
and water availability than the soils under pastures [7]. Ramirez et al. [8] reported soil
moisture variability under forests with respect to tillage and pasture in tropical montane
forests microcatchments. The results of Guo et al. [9] suggested the average soil moisture
content in decreasing order of grassland > shrubland > soybean land > maize land > adzuki
bean (Vigna angularis) land > forestland.

The measurement of soil moisture and the development of knowledge about its spatio-
temporal behavior at the soil profile, slope and watershed levels is of utmost importance
to help understand and predict the effects of climate change related to the dynamics
of land cover and/or land use change, use and management. Instrumental methods
for measuring and monitoring soil moisture behavior, such as gravimetric [10], neutron
scattering method [10,11], TDR and FDR capacitive sensor methods and resistive sensor
methods [10], have been the most widely used for several decades, according to Loazia and
Pauwels [12]; this is as well as the traditional use of soil psychrometers and tensiometers.
In recent years, advances have also been made in measurement and monitoring through
the use of satellites and infrared radars in research on the measurement and monitoring of
moisture at the soil-atmosphere interface Moran et al. [13]; Loew et al. [14].

Most of the research on the relation of soil moisture underlines the connection be-
tween soil moisture and land uses; the soil water content dynamics and its behavior in
depth are strongly influenced by the slope and geomorphological position (Yang et al. [15];
Guo et al. [9]. In a Mediterranean catchment, Llorens et al. [16] reported topographic posi-
tion and soil cover (forest and pasture) as the main factors that control soil moisture patterns
of up to 80 cm in depth. The soil depths exposed to more intensive and dynamic wetting
and drying cycles presented well-defined water release ranges as compared to the pore
system of deeper soil horizons Dorner et al. [17]. Previous studies of Roa-Garcia et al. [1],
in three small headwater catchments in the Andean mountains of Colombia under Andis-
ols, underline the importance of soils to contribute to the understanding of the aggregate
catchment hydrological behavior; similar results are reported by Berbesi-Jaimes et al. [18]
in a central mountain Andes catchment under pasture, culture and natural forest. The
water retention at wilting point in Andisols diminishes by an average 16% after two years
of cultivation. However, the original water retention values of the soil are not recovered
with changes to the pasture, Buytaert et al. [19]. High soil moisture retention rates in
Andisols have been reported by Nanzyo et al. [20]; Poulenard et al. [21], Buytaert et al. [19];
Roa-Garcia et al. [1]; Dorner et al. [17]; and Ivelic-Saez et al. [22], with slow percolation rates
during the wet season and an increase in surface runoff. Several authors have shown a close
relation between rainfall and soil moisture behavior in Andean soils, Buytaert et al. [19];
Dorner et al. [17]; Ramirez et al. [8].

The aim of this paper is to quantify the effect of site slope conditions, land use,
rainfall behavior and environmental conditions on soil moisture behavior in six Andean
microcatchments under different land uses. Rainfall and volumetric water content were
continuously measured with data loggers under different Andean land uses, i.e., Andean
forest, grasslands and coffee agroforestry systems. In situ observations at a number of test
sites in two different zones in Colombia were used for this purpose.

2. Materials and Methods
2.1. Study Site

The following study regions are in the central Andes: the Valle del Cauca, the Rio
Cali basin (21.526 ha) and Tolima the Rio Combeima basin (27.421 ha). Soil moisture
behavior was studied in six Andean microcatchments under different land uses. The
spatial distribution of the study sites appears in Figure 1, and their major characteristics
are summarized in Tables 1 and 2. The sampling zones cover the main Colombian land
uses in the central Andes basins. Soil parent materials are Ibague Batolite granodiorite,
phyllites and diabases of the Combeima and Rio Cali basins, respectively. There are two
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different morphogenetic environments. The Combeima basin has a convex and concave
steep mountain landscape (slopes between 50% to 70%) with structural and fluvial erosional
dynamics that eventually evolve into landslides (creeping, solifluxion and landslides) and
fluvial torrential dynamics with an altitude ranging from 1650 to 2350 m.a.s.l. The Rio
Cali basin has hills, steep slopes (between 25% and 50%) with miscellaneous concave and
convex slopes modelled by interaction of fluvial erosional and denudational processes with
strong anthropic action; the altitude ranges from 1350 to 1750 m.a.s.l. The predominant
soils in each catchment were classified as Typic Eutrudepts San Simon soil unit and Typic
Haplustalfs 200 soil unit for Combeima and Cali basins, respectively [23]. A description
of the complete soil survey can be found in IGAC [24,25]. The predominant land uses are
natural forest, pasture and coffee agroforestry systems; the main climate in these zones is
tropical dry forest to premontane humid forest, according to Holdridge classification [26].
The mean annual temperatures are 20.8° and 25.4°, mean evapotranspiration 1038 and
1655 mm/year, mean relative humidity 79% and 70%, and annual precipitation 1887 + 26.7
and 1608 £ 62.7 mm for Combeima and Rio Cali basins, respectively. Seasonal rainfall
regime for both is biannual with rainy periods from March to May and from September to
November, interspersed with dry seasons.
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Figure 1. Location of the experimental microbasins FO, FTO, CR at Cali River basin (A) in the Valle del Cauca region; and
SL1, SL2, MOJ at Combeima River basin (B) in the Tolima region. Measurement locations are indicated rain logger (RL),
humidity site-tube (h-ST) and wall V-Weir (W V-W). (Microbasin is basically a watershed or hydrographic-hydrologic unit
of a small drainage area. In some cases it is referred to in English as microcatchment, being preferable the expression “small
watershed or small catchment”, according to Haan et al. [27]. It can be homologated in the same way as some hydrologists
have indicated in terms of headwater (Haigh et al. [28], Haan et al. [27], as basins of zero order, based on the criterion of

order number, delivery network and/or formation of the drainage network).
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Table 1. Microbasins in the Combeima River basin and Cali River basin. Area, georeferencing and altitude gradient.

Coordenades
Microbasins Area (ha) Altitude Gradient (m.a.s.])
North West
Combeima River Basin
4°29.178' N 075°15.284' W
Natural forest (SL1) 22.8 4°29.443' N 075°15.306' W 1932-2322
4°29.294' N 075°15.657' W
Pasture (SL2) 16.3 4929323’ N 075°15.396' W 1928-2244
4°28.972' N 075°15.270' W
Coffee agroforestry system (MOJ) 10.8 4°98.159' N 075°15.149" W 1590-1830
Cali River Basin
3°25.468' N 076°36.086' W
Natural forest (FO) 51.5 395425/ N 076°35.646' W 1484-1764
3°25.777' N 076°34.540' W
Pasture (CR) 16.5 3°25.818' N 076°34.782' W 1266-1386
3°25.591' N 076°35.837' W
Coffee agroforestry system (FTO) 10.5 3095573’ N 076°35.615' W 1524-1692
Table 2. Study sites and environmental characteristics.
Microbasin/ Area T RH Classification . .
Basin (ha) Pp (mm) o) (%) GP MP (SSS, 2014) Soil Uses Life Zones
Combeima River Basin
SL1 238 15781 + 37.6 208 795 l\zi‘ézil
SL2 16.3 1730.6 4 20.9 20.8 79.5 Steep . Typic Pasture Premontane
hillslope Granodiorite Eutrodepts Coffee humid
MOJ 10.8 2353.5 + 23.0 208 795 agroforestry  forest (P-hf)
system
Cali River Basin
FO 515 1594.6 + 71.1 254 706 l\iamr?l
Moderately : ores Premontane
CR 16.5 1340 + 55.4 254 70.6 stee Basalti Typic Pasture
hillslop o asaltic Haplustalfs Coffee dry forest
FTO 105 1892.4 + 62.5 254 706 p agroforestry (P-df)
system

Note: Pp: mean precipitation; T: mean temperature; RH: relative humidity; GP: geomorphological position; MP: parental material;
P-hf: premontane humid forest; P-df: premontane dry forest.

2.2. Soil Survey and Pedostratigraphic Description and Analisys

Ten soil profiles were described, five for each microcatchment. A detailed description
can be found in Table 3. The morphology of soil profiles was described on site, morpho-
logical characterization and diagnostic properties of the studied soils were performed
according to Soil Survey Manual [29] and classified according to soil taxonomy [23]. From
the field camp, 33 soil samples were collected and analyzed at the Soil Laboratory of the
Universidad del Tolima and Universidad Nacional de Colombia—Medellin campus. The
soil samples were oven dried at 65 °C and pulverized. Samples were taken for physical
analysis, which included texture [30], bulk density and water retention curves.

2.3. Field Instrumentation

From 2015 to 2017, soil water content, rainfall and mean flow or caudal were mea-
sured in six microcatchments. For each site, 12 points have been monitored using a soil
moisture sensor “capacitance Diviner 2000” portable soil moisture monitoring (SENTEK
Sensor Technologies, SENTEK PTY. LTD, Stepney, Australia) at 160 cm depth, volumetric



Water 2021, 13, 1448 50f17

water content was measured every day and stored in a database (Figure 2). Sensors were
calibrated in each experimental microcatchment according to Paltineanu and Starr [31]; the
R? for the calibration equations in the different study sites ranged from 0.97 to 0.99. For
each site, precipitation was registered daily using a Sutron’s 5600-0625 tipping bucket rain
gauge (Sutron Corporation, Sterling, VA, USA) and Rainlogger Edge 3002 (Solinst, George-
town, Ontario, Canada). At the closure of microcatchment a V-notch weir was installed
to measure the regime flow every 5 min using Levelogger model 3001 sensors (Solinst,
Georgetown, Ontario, Canada); the changes in atmospheric pressure were recorded with a
Barologger Edge model 3001 (Solinst, Georgetown, Ontario, Canada) to compensate sensor
Levelogger registers.

Table 3. Soil physical properties.

Microbasin/Basin Texture Bulk Density (gr/cm®)  Volumetric Soil Moisture (%) MRC (%)
Combeima River Basin
Natural forest (SL1) 1.09 22-62.5 56-61.5
Sandy loam
Pasture (SL2) 1.14 27.5-64.5 56-59.5
Coffee agroforestry system (MOJ)  Sandy clay loam 1.34 18.5-59.2 50-56.2
Cali River Basin
Natural forest (FO) Clay loam 1.06 26.5-58.5 43-48
Pasture (CR) Clay 1.13 25-55 41.5-46
Coffee agroforestry system (FTO) 0.97 21-54.5 36.2-41.6

Note: MRC: Moisture content from moisture retention curve (laboratory).

Figure 2. Main experimental equipment and instruments: tipping bucket and rain logger pluviome-
ters, wall V-Weir with liminimeter and Levelogger; soil moisture monitoring solution, humidity
site-tube and operator measuring the soil moisture.
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2.4. Data Analysis

Soil moisture content was studied using a geomorphic transect through the slope
considering the relationship between soil and geomorphology in the context of hydrological
fluxes at the hillslope and microcatchment scale, according to Sidle et al. [32]. In this paper,
(i) detailed soil moisture behavior was monitored at the pedon scale, (ii) the soil moisture
fluxes in the hillslope were observed, and (iii) soil moisture content and regime flow were
analyzed at microcatchment scale. The first balance analyzed the water storage at the
pedon scale, and behavior considered the depth ranges for the soil types and land uses, the
second balance focused on water fluxes in the hillslope in relation to soil water content. The
third considered soil moisture distribution and behavior in the microbasins. Soil moisture
analysis was developed through analysis using Tukey—Kramer post-hoc test (MathWorks,
Natick, MA, USA) to confirm where the differences occurred between groups, after one-way
ANOVA with a confidence level of 95% and values of p < 0.05 (Table 4). The analysis was
developed using the free software MATLAB version MATLAB R2008a (MathWorks, Natick,
MA, USA). Also, STATGRAPHICS CENTURION 16.1 software was used to perform a
multifactorial analysis of variance at 95% confidence, for the soil moisture content response
variable, for which soil use was defined as the main factor and sampling depth, catchment,
and climatic season of rain and drought as associated sources of variation. Second-order
interactions were also analyzed. Significant statistical differences were declared for p-values
less than o« = 0.05. All F-ratios were based on the mean square of the residual error and
with the Type III Sum of Squares method.

Table 4. Frequency and distribution of the precipitation for studied microbasins.

Item/ SL1-FO SL2-CR MOJ-FTO
Minutes <5 <30 <60 <5 <30 <60 <5 <30 <60
Mean
Intensity 0.02-0.02 * 0.10-0.10 0.19-0.20 0.01-0.01 0.09-0.08 0.17-0.16 0.02-0.02 0.12-0.12 0.25-0.23
(mm /h)
Maximum
Intensity 9.60-12.60  32.80-29.20 47-43.20 11-12.40 29.80-43.20 46-52 11.60-12.60  46.20-35.40  54.90-43.20
(mm/h)
rﬁ;/;%t:r 7912-6056 2973-2271 2082-1605 7535-4771 2931-1716 2122-1168 6555-6400 2292-2253 2097-1544
Events (%) 2.99-2.89 6.73-6.50 9.43-9.18 2.55-2.28 5.94-4.92 8.60-7.17 3.12-3.37 6.55-7.12 8.94-9.76

Note: * p < 0.05.

3. Results and Discussion
3.1. Rainfall Behavior

During the study period precipitation fluctuated between 1578 + 37.62 to 2353 +
23.05 mm/year for the microbasins studied in the Combeima River, and 1340 + 55.37
t01892 + 62.55 mm/year in the Cali River (Figure 3). In the Combeima River basin, the
wettest period occurred between March and June 2017 (54.18% of total precipitation), and
the driest month was in the Cali River basin in December 2015 (0.18% of total precipitation).
It was found that 9.4% of the precipitation events had a mean intensity between 43.2 and
54.8 mm/h, and 2.9% of the precipitation events had intensities < 5 mm/h. The Combeima
River microbasins registered the highest mean intensity (Table 4). The intensity and volume
of precipitation had a high variability between and within watersheds.

The variability of the precipitation regime can be attributed to microclimatic condi-
tions associated with the dynamics of the orographic rain fronts, due to the effect of the
mountain ranges and localized convective processes typical of the inter-Andean valleys
(Jaramillo and Chaves [33], Roa-Garcia et al. [1]. In small sectors of the Colombian Andean
region, the precipitation volume and maximum rainfall can vary with the position on the
slopes, increase with altitudes up to 1300-1500 m.a.s.l., and decreasing from this gradient,
Hoyos et al. [34]. These results confirm the findings of Roa-Garcia et al. [1] and Vasquez-
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Velasquez [35] for micro-watersheds in the central Andes under conditions of low montane
wet forest (wf-LM) and premontane wet forest (wf-PM). The research results by Roa-Garcia
et al. [1] and Mufioz-Villers et al. [36] associate this response with microclimatic conditions
as a function of altitudinal gradient.
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Figure 3. Monthly distribution of precipitation (May 2015-November 2017) on microbasins SL1, SL2, MOJ in the Combeima
River basin (up), and FO, CR, FTO at the Cali River basin (down).

Notwithstanding the notable variability in the precipitation volumes and intensities
within and between the microbasins, and the fact that during the study period there was a
higher mean annual and total accumulated rainfall regime in the Combeima microbasins,
in both basins there was what we could call a very similar rainfall regime or gradient that
fluctuated between 112 mm and 106 mm per 100 m in the Combeima and Cali River basins,
respectively. In addition, the highest annual and accumulated rainfall regime that occurred
in the two basins was in the MOJ microbasin, which was at a lower altitudinal range than in
the Combeima River basin. This variability between the basins and within each microbasin
is explained due to the variability and topographic gradient of location in the context of
the physiographic landscape of the sectors, and the interaction between the surrounding
geoforms. Moreover, it is emphasized that this variability may be more a function of the
interaction and convergence of convective and cyclonic fronts associated with the rainfall
of orographic origin in both basins. In the areas studied, a kind of focused circulation of
dynamics, flows and valley—-mountain interactions was observed and perceived during
the day and valley-mountain at night, which, based on the research of Jaramillo and
Chaves [31], helps to explain the greater or lesser incidence in the variation in rainfall
volumes and intensities in the Colombian Andina zone.
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3.2. Soil Moisture Behavior

At the soil profile scale, the soil moisture content in the study sites increase in depth,
fluctuating between 18% and 64% in dry and wet periods, respectively. The soils under
the forest had a low soil moisture variability, followed by pastures and coffee agroforestry
systems; under these land uses, soil moisture variability was higher in the first 40 cm of
depth and diminished between 90 and 160 cm depth (Figure 4). For the land uses study,
the highest values of soil moisture were found in Pasture 1 and Natural Forest 2; the lowest
values of soil water content correspond to Coffee Agroforestry System 1 and Pasture 2.
In the case of Pasture 1, this high water content was related to high precipitation at the
microcatchment scale, and Natural Forest 2 precipitation distribution and the presence of a
thick litter layer favored soil moisture regulation. The soil under the forest remains at field
capacity throughout the year, even in the dry periods. A possible explanation for this might
be high soil infiltration and low runoff, also the water was intercepted by a plant canopy
favoring soil moisture regulation inside the soil. For the wet periods in April and May
2015, and March and April 2017, the soil moisture content fluctuates between 54.3% and
64.5%; while for the dry periods of January and February, and July and August 2016, they
range from 17% to 25%. The land use with the lowest soil moisture content was Pasture 2
with 6% less than Pasture 1; despite having the same land use, the climatic conditions in
each microcatchment determine the soil water content. This finding is consistent with the
results of Berbesi et al. [18] for Andean natural forests in Colombia. Also, these results at
the soil profile scale coincide with those of Zhan et al. [37] and Venkatesh et al. [38] for
different land uses in tropical zones.

The evaluated land uses in the Combeima River basin at the microbasin scale showed
significant differences in relation to soil moisture behavior at three evaluated soil depths.
During the periods of April and May 2015, and June to September 2017, the soil moisture
showed no significant differences in a depth of up to 80 cm (Tables 5 and 6, and Figure 4
describe the soil moisture values in relation to its use and geographic location). The soil
moisture in the Cali River catchment showed significant differences between microcatch-
ments, except for the microcatchment under the agroforestry systems, which do not display
significant differences from 40 and 160 cm depth in the dry period. Similar results were
found by Zimmermann et al. [6]; Rodriguez-Vagaria and Gaspari [39]; Venkatesh et al. [38]
and Zhan et al. [37]. Vasquez-Velasquez [35], Roa-Garcia et al. [1] and Ramirez et al. [8]
highlight the role of a precipitation regime related to altitudinal gradient, vegetation type,
soil type and land use in explaining soil moisture behavior in Andean mountainous areas.
These authors give a secondary role to soil physical properties, such as texture, porosity
and bulk density, in soil moisture behavior in Colombian Andisols.

3.3. Topographic Wetness Index—TWI

The Combeima River basin showed a low soil moisture content of 38.7% to 46.7% in
the middle and upper parts; these percentages were 7% to 20% higher in the low part of
the catchment. Similar behavior was observed in the Cali River microbasins where the
soil moisture content in the middle and upper part fluctuated from 27.3% to 47.4%, and
7% to 32% more in the low part (Figure 5). The steeper sites in the Combeima (50 to 75%
slope) and Cali River (25 to 45% slope) basins had 27% to 47% and 3% to 56%, respectively.
This performance is due to the presence of clay soils in the Cali River catchment. The soil
texture, slope, rainfall distribution (dry and humid periods) associated with topographic
gradients play an important role in the water behavior in soils.

Similar results for a mountain system in Northeastern Orinoquia in Colombia were
reported by Ramirez et al. [8]. The relation between soil moisture behavior in depth
and topographic position was higher in the lower part of the micro-watersheds. Studies
conducted by Leiva et al. [40] in an Andean Piedmont catchment, showed that during the
rainy season, the topographic variables such as curvature, slope and topographic index are
relevant in the soil moisture behavior.
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Table 5. Test Tukey (p < 0.05) for the mean volumetric soil moisture by depth ranges and soil uses in the microbasins of Cali River basin.

SL2 (Pasture)

SL1 (Natural Forest)

MOJ (Coffee Agroforestry System)

Date 10-40 cm 50-80 cm 90-160 cm 10-40 cm 50-80 cm 90-160 cm 10-40 cm 50-80 cm 90-160 cm
April 2015 59.887 +4.85a 58.246 + 10.259 a 62.822 +£3.335b 53.091 + 11.300 a 55.155 £9.724 a 61.035 +3.596 b - - -
May 2015 56.317 £ 6.525 a 57.062 +£9.731 a 62.049 + 3.525b 51.133 £ 11.414 a 54.372 £9.770 b 60.430 + 4.123 ¢ 42403 £11.410a 53.921 + 8.316 b 57.147 £+ 4.358 ¢
July 2015 47.205 +6.701 a 51.248 + 8.655 b 57.552 + 3411 c 46.163 + 10.612 a 51.276 + 8.659 b 57.502 + 3.560 ¢ 35.336 + 9.965 a 47.702 £7.799 b 51.549 £5.012 ¢
October 2015 40934 +7.484 a 40.100 + 9.066 a 43.946 £5.130 b 34.028 +10.155 a 40.931 £ 8.290 b 46.515 + 4.820 ¢ 27.910 + 8.975 a 34.331 +7.843b 35.656 £ 6.753 ¢
November 2015 47.622 +5.152 a 45.740 + 8.733 b 50.699 + 3.221 ¢ 40.324 +£10.313 a 45.716 + 8.084 b 50.943 + 3.775 ¢ 35.710 £ 8.641 a 41355 £7314b 41.586 £+ 6.402 b
December 2015 38.496 + 6.810 a 40.706 £ 8.577 b 45.729 £ 3.509 ¢ - - - - - -
February 2016 - - - 27.340 £ 8.780 a 36.044 £+ 7.459 b 43.623 + 3.826 ¢ 24.810 £ 8931 a 32.045 + 8.368 b 35.078 £ 6.242 ¢
March 2016 - - - 35.873 +£10.143 a 46.420 £7.778 b 53.656 + 3.960 ¢ 38.933 +10.150 a 46.665 £ 8.027 b 47.749 £ 6.770 b
April 2016 - - - 39.978 + 11.692 a 47.540 £ 9.409 b 55252 +4.446 ¢ 40.558 £+ 10.326 a 48.229 £8.277b 50.337 £5.121 ¢
May 2016 - - - 36.165 + 11.760 a 42.891 £9.875b 50.725 £ 5.732 ¢ 36.179 4+ 10.655 a 43.938 £ 8.969 b 45.135 £ 8.823 b
June 2016 - - - 39.420 + 12.047 a 45.319 £ 9.800 b 53.194 + 5.450 ¢ 40.025 £ 10.710 a 47.272 £ 8.686 b 49.315 £ 5.426 ¢
July 2016 47.754 £ 13.891 a 53.747 £ 7.896 b 59.204 + 3.063 ¢ 41.874 + 12272 a 47.134 £9.357 b 54.211 +3.549 ¢ 38.132 £ 11.615a 44430 £ 10.352 b 47.101 £7.768 ¢
August 2016 33.787 + 14.118 a 52.710 £ 6.280 b 56.954 + 3.186 ¢ 40.072 + 12.606 a 46.809 £9.729 b 53.573 +£2.716 ¢ 33.180 + 10.302 a 44476 £9.611b 49.611 £ 3.673 ¢
February 2017 55.827 + 6.088 a 55.196 £ 11.154 a 61.936 + 2.746 b 45.678 + 12.467 a 52.839 £ 7.554 b 59.088 + 3.593 ¢ 47.338 £10.374 a 53.765 + 8.919 b 54.890 £5.322 ¢
March 2017 62.151 = 6.812 a 60.059 +11.410b 63.479 + 6.653 a 50.505 + 12.510 a 56.417 £ 7.865 b 62.168 + 3.815 ¢ 51.801 +9.405 a 56.080 + 8.699 b 58.059 + 5.009 ¢
April 2017 - - - - - - 39.802 £2.285a 58.071 + 1.888 b 58.278 + 3.863 b
May 2017 36.053 £ 5.878 a,b,c 35210 £ 7.606 a,b  37.387 £5.931 a,c 32.822 +8.822 a 35.328 £7.073 b 39.321 +4.144 ¢ 29.441 +9.088 a 32.568 + 8.094 b 32521 + 6.716 b

Note: Observation: Its purpose is to show the spatio-temporal variability and the respective significance (if any or not), by relating the behavior of soil moisture with the pre-established depth ranges in the soil
horizons studied. The values per row with the same letter do not show significant differences between land uses.

Table 6. Test Tukey (p < 0.05) for the mean volumetric soil moisture by depth ranges and soil uses in the microbasins of Combeima River basin.

CR (Pasture) FO (Natural Forest) FTO (Coffee Agroforestry System)

Date 10-40 cm 50-80 cm 90-160 cm 10-40 cm 50-80 cm 90-160 cm 10-40 cm 50-80 cm 90-160 cm
June 2015 - - - - - - 28.029 £ 11.617 a 38.695 £ 10.285 b 48.250 £9.532 ¢
July 2015 27.873 £9.428 a 40.121 £7.484b 50.818 £ 8.895 ¢ 37561 £8.145a 45.273 £7.884b 52,978 £8.158 ¢ 37.247 £15.055 a 42.746 £9.221Db 49.328 £7.375 ¢

August

2015

28.206 + 8.705 a

39.650 £ 6.301 b

49.577 £7.502 ¢

35.707 £7.949 a

42.854 £7.431b

50.591 + 8.230 ¢

36.659 + 7.307 a

42.309 £ 5.389 b

47.086 £ 5.867 ¢




Water 2021, 13, 1448 11 0f 17
Table 6. Cont.
b CR (Pasture) FO (Natural Forest) FTO (Coffee Agroforestry System)
ate
10-40 cm 50-80 cm 90-160 cm 10-40 cm 50-80 cm 90-160 cm 10-40 cm 50-80 cm 90-160 cm
Sepztgf;ber 35.105 + 7.465 a 37.052 + 7.122 b 41.685 + 6.187 ¢ 28.489 & 8.414 a 34.194 & 5.996 b 38.659 & 7.063 ¢ 31.015 + 6.310 a 34.508 + 8.945b 31.465 & 7.038 a
October
5015 33.236 & 6.729 a 31.811 & 5.839 a 36.145 + 5.672 b 30.164 & 7.435 a 32.839 4+ 6.536 b 35.443 + 6.408 ¢ - - -
N";g{g‘ber 46.831 +£10.860a  44.531 +£10.927b  48.199 + 10.629 a 49.732 + 8.656 a 50.548 + 8.855 a 53.487 + 7.925b 54.199 +9.176 a 54.826 + 10.301 a 51.595 + 9.411 b
De;grlr;ber 52.756 & 7.577 a 49.112 + 6.759 b 53.741 & 6.255 ¢ 49.956 + 8324 a 50.599 & 8.246 a 53.261 &+ 7.491b 55.724 & 7.230 a 55.457 & 8.838 a 52.373 = 8.161 b
Ja;‘(;ll"’gy 53.658 + 7.034 a 49.490 + 6.640 b 53.356 + 5.740 a 50.768 + 7.933 a 50.278 + 7.849 a 52.654 + 7.339 b 57.144 + 6378 a 55.943 + 8.188 b 52.583 4 7.801 ¢
Fdz’&‘gry 32547 + 9.712 a 38.815 4+ 7.400 b 47.391 + 6.545 ¢ 37.955 + 7.776 a 43194 4+ 6.795b 48.228 + 7.011 ¢ 41728 + 9274 a 45.788 + 7.371b 44.885 + 6.782 b
1\/2[3§C6h 27.110 + 8.295 a 35.565 + 6.696 b 45.044 + 6.564 ¢ 33217 + 7.618 a 39.423 & 7.025 b 46.190 + 6.961 ¢ 31.844 + 10.941 a 39.637 + 7.805 b 40.976 + 6.067 ¢
April2016  47.203 £9.049 a 45.764 4+ 8.571b 51.543 + 8.289 ¢ 46.712 + 8.820 a 49.126 + 7.606 b 52.962 + 7.588 ¢ 52.098 + 9.502 a 50.843 + 7.339 b 50.059 + 8.030 b
May 2016 ~ 49.332 + 8458 a 45473 4+ 8.466 b 47.870 4 9.025 ¢ 47.089 + 8.146 a 46.298 4+ 8.426 a 48.705 + 7.789 b 51.601 & 7.880 a 50.468 & 9.200 a 46.240 £ 9.262 b
June 2016 35517 +8.733 a 35.079 + 7.502 a 38.934 + 7.198 b 34.555 + 9.221 a 35.398 + 8.143 a 38.446 +7.904b 35.646 + 7.693 a 35.539 + 7.513 a 33.038 + 7.515b
July 2016 49138 £11.567a 46913 +10.715b  49.797 £9.883a 48241 + 11568abc  47.371 +11543ab 49249 +11.399ac  50.133 +15305ab 48732+ 16.195ab,c  46.616 + 14.854 b,
A;(]gl‘f’t 50.307 = 10.207a 48595+ 10.240b  49.951 & 10.067 a 45.669 + 12.038 a 46.078 £ 11.584 a 46.665 + 12.644 a 42285 + 13984 a 40.764 + 13.778 a 42139 + 14.052 a

Note: Observation: Its purpose is to show the spatio-temporal variability and the respective significance (if any or not), by relating the behavior of soil moisture with the pre-established depth ranges in the soil
horizons studied. The values per row with the same letter do not show significant differences between land uses.
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Figure 5. Behavior of the average volumetric soil moisture (VMS) from the high-zone, low-zone and depth ranges 1
(2040 cm), 2 (50-80 cm) and 3 (90-160 cm), at the microbasin SL1, SL.2, MOJ, Combeima River basin and FO, CR, FTO, Cali

River basin.

3.4. Soil Moisture Variability for Different Soils Uses

The mean soil moisture content under pasture, natural forest and coffee agroforestry
systems in the Combeima River catchment were 64.5%, 62.5% and 60.5%, respectively. In
the Cali River catchment the mean soil moisture was high in the forest (58.5%) in respect
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to the pasture (54.5%) and coffee agroforestry systems (54.3%). The mean values in the
Combeima River catchment were 6% higher than the values in the Cali River catchment;
this soil moisture behavior was related to the precipitation regime at the microcatchment
scale, soil type and land uses. The agroforestry systems showed a higher number of
dry days (137 days per year) followed by pasture (113 days per year) and natural forest
(105 days per year); the last land use registered a great number of days to field capacity. The
soil moisture regime was udic where the dry periods were December to February (75 dry
days) and June to August (62 dry days); the moist months were March to May (81 wet
days) with a maximum and minimum soil moisture of 17% and 65%, respectively (Figure 4
and Tables 5 and 6). For the entire studied period, the driest months were February 2016
(65% dry days) and August 2017 (75% dry days), with soil moisture values below wilting
point; in the wet period the soil was saturated for 168 days consecutively. Previous studies
by Roa-Garcia et al. [1] and Vasquez-Velasquez [35] report similar results for these types of
land uses in the Colombian Andean mountain context.

In addition to evaluating the response of the HVS as a function of the three depth levels
corresponding to the soil horizons studied, this response was evaluated as a function of the
land use factor itself, of the region or basin, of the rainy and dry climatic regime associated
with periods with ustic and udic regimen soil moisture, by the interaction of land use and
depth, the interaction of land use and climatic regime, and the interaction of land use,
depth and climatic regime. It was found that there are no statistically significant differences
in the HVS due to soil use; however, the coffee agroforestry system with coffee presented
much lower average values than the natural forest and pasture uses. A high statistical
significance between the depth ranges and the HVS is ratified, being increasingly higher
when going from depth range 1 (10-40 cm) to 2 (50-80 cm) to 3 (90-160 cm). Although there
are no statistically significant differences between the river basins, there was a tendency to
present higher HVS values in the Cali River basin; in this perspective, in spite of finding
statistically significant differences between the rainy and dry regimes in both basins, a
much greater range of extreme values was observed in the HVS in the dry season in the
Cali River basin than in the Combeima River basin, and there was a better regulation of the
rainy season in the Combeima river basin with a lower variation in the average values in
this regime. The interaction between land use and climatic regime with the HVS did not
show statistically significant differences, but it was observed that the HVS values remained
constant in the natural forest and coffee agroforestry system during the rainy season with
some increases in the use of pastures; the use of the coffee agroforestry system showed the
lowest values in the drought regime.

In addition to finding highly significant statistical differences resulting from the
interaction between watershed and land use with the HVS, for land use in the natural
forest the range of average values presents a minimal variation with a slight tendency
to increase from the Combeima River basin to the Cali River basin, showing in general
the behavior of the HVS content to remain constant and regulated; this is most likely
attributable to the regulating effect of the natural forest use, the contribution of organic
matter to the soil and a greater presence of clayey material in the soils of the Cali River
basin. In the interaction between soil use and depth with the HVS, although no statistically
significant differences were found, there were slightly higher values in the depth range
3 (90-160 cm) in association with the forest, while in the coffee agroforestry system the
HVS content tends to remain constant in depth ranges 2 (50-80 cm) and 3 (90-160 cm). An
analysis of covariance between bulk density and HVS did not show statistically significant
differences, although it is known that there is a close relationship between these two
variables. The results of these multivariate or multifactorial analyses of variance are shown
in Tables 7 and 8.
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Table 7. Analysis of variance for mean (VSM) sum of squares type III.
Source Sum of Squares Reason-F Value-p
Covariables
bulk density 27.5763 0.38 0.5369
Main Effects
A: microbasin/soil use 295.526 2.05 0.1309
B: depth range 562.258 3.90 0.0214
C: river basin/region 55.3373 0.77 0.3819
Interactions
AB 245.449 0.85 0.4942
AC 476,983 3.31 0.0381
BC 194.012 1.34 0.2623
Error Residuals 20,125.8
Total (Corrected) 24,422.5
Note: All F-ratios are based on the mean square of the residual error.
Table 8. Analysis of variance for mean (VSM) sum of squares type III.
Source Sum of Squares Reason-F Value-p
Main Effects
A: microbasin/soil use 267.73 1.90 0.1509
B: climate 482.903 6.87 0.0093
C: depth range 2419.06 17.21 0.0000
D: river basin/region 27.0236 0.38 0.5358
Interactionts
AB 149.036 1.06 0.3478
AC 228.447 0.81 0.5181
AD 698.463 497 0.0076
BC 235.175 1.67 0.1896
BD 14.6198 0.21 0.6487
CD 213.27 1.52 0.2212
Error Residuals 19,260.3
Total (Corrected) 24,422.5

Note: All F-ratios are based on the mean square of the residual error.

3.5. Water Behavior at Microcatchment Scale

During the observed period (May 2015 to May 2017), the highest precipitation events
were registered in 2016 and the lowest in 2016; the rainiest months were April 2016
(417.1 mm) and March 2017 (278.7 mm). There was an alternation between dry and
wet months recorded, without a clear trend that would establish a marked period of
rain and drought. In respect to evapotranspiration in the Combeima River catchment,
the highest evapotranspiration values were registered in August 2015 (128 mm) and
September 2016 (110 mm); the lowest value was registered in February 2017 (71.5 mm).
The evapotranspiration showed a clear seasonal trend, and increased or decreased in
relation with dry and wet periods (Figure 6). Our results reveal the close relation between
rainy periods and caudal increases in all the studied microcatchments; this behavior
continues until after 2 or 3 months of the rainy period. The discharge lag time in the
studied microcatchments was 1 to 2 months, the base flow response had a close relation
with the precipitation and soil moisture content. The soil moisture had a direct relation
with rainfall behavior, in fact the periods of higher soil moisture content correspond to
the periods of higher rainfall. This soil moisture and precipitation dynamic is clear in the
periods October and November 2015, and February and March 2017, where precipitation
increase was directly proportional to an increase in the soil moisture content and caudal.
The soil moisture content was between field capacity and saturation 69.8% of the time
per year, 21% corresponds to the wilting point. The soil water content was adequate to
guarantee soil water stock, subsurface flows and base flow, maintaining the minimum
required flow of a river for maintaining ecological status during dry periods in all the
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studied microbasins. The soils under the natural forest showed a high soil moisture content
with scarce variability between the dry and wet periods. Of the studied land uses, the
Combeima River catchment showed the highest soil moisture values at the pedon and
microcatchment scales, and better hydrological regulation in comparison with Cali River
microbasins. The soil moisture and caudal behavior were closely related to precipitation
distribution within altitudinal ranges.
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Figure 6. Water balance components distribution (BH) (April 2015-May 2017). Precipitation (P),
evapotranspiration (ET), caudal (C), volumetric soil moisture (VMS) at the microbasin SL1, SL2, MOJ,
Combeima River basin (up), and FO, CR, FTO, Cali River basin (down).

4. Conclusions

During the studied period, the soil moisture showed an increase in all land uses with a
low variability in depth, keeping the soil moist most of the year; for up to 40 cm depth, the
soil showed high soil moisture variability throughout the year. The relation between soil
moisture and precipitation was more closed in the periods of high precipitation volumes
and intensity. For the dry periods or with irregular precipitation, the soils tend to be humid
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at a depth of 40-160 cm, with slight variations from the surface to 40 cm depth. The soil
moisture behavior was forest > pasture > coffee agroforestry systems. The lowest value of
soil moisture was 17% and the maximum was 64.5%; the rainfall volume with a high effect
in soil recharge was 15-30 mm. At the soil profile scale, the influence of topography on soil
moisture behavior was not obvious. Nevertheless, at the microbasin scale it became clear.
The mean soil moisture at the microbasin scale fluctuates between 54.3% and 64.5%, with
an increase in caudal and soil moisture in direct relation to precipitation volume.
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