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Abstract: Governments are increasingly committing to significant ecological restoration. However,
the impacts of forest restoration on local hydrological services are surprisingly poorly understood.
Particularly, limited information is available about the impacts of tree planting on soil infiltration
processes and runoff pathways. Thus, we investigated the saturated hydraulic conductivity (Ks) and
preferential flow pathways in three land-cover types: (i) Active Restoration, (ii) Degraded Land,
and (iii) Reference Forest, with contrasting differences in soil profile and land use history in the
municipality of La Jagua de Ibirico, César department, Colombia. We conducted soil sampling, using
the Beerkan method to determine K values. We also measured vegetation attributes (i.e., canopy
cover, vegetation height, diameter at breast height, and total number of trees) and carried out three
dye tracer experiments for each study site. The blue dye experiments revealed that near surface
matrix infiltration was dominant for Degraded Land, while at the Active Restoration and Reference
Forest, this only occurred at local surface depressions. The general infiltration pattern at the three
land uses is indicated as being macropore flow with mixed interaction with the matrix and highly
affected by the presence of rock fragments. The deeper infiltration patterns occur by preferential
flow due to the presence of roots and rock fragments. The mean K for the Active Restoration
(240 mm h~!) was much higher than the K; at Degraded Land (40 mm h~') but still considerably
lower than the Reference Forest (324 mm h~!). These results indicate that top soil infiltration capacity
and soil physical parameters not only directly regulate the amount of infiltration but also infiltration
patterns and runoff processes, leading to lower infiltration and increased excess overland flow for
Degraded Land than for other land uses.

Keywords: forest restoration; infiltration capacity; infiltration processes; preferential flow pathways;

runoff implications

1. Introduction

Today, there is no doubt that ecological restoration has great global importance [1,2].
Ambitious international, regional, and national restoration initiatives have emerged to face
critical challenges of our time, such as mitigating climate change, conserving biodiversity
and recovering hydrological ecosystem services [3,4]. Tree planting is the main driver of
the Paris Climate Agreement, of the Bonn challenge, also of the United Nations” Sustainable
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Development Goals and the Decade of Ecosystem Restoration (2021-2030) [5]. Thus, there
is a critical need to assess the outcomes of forest restoration initiatives [6].

Although the soil is essential for the success of the forest restoration process, soil
monitoring is poorly studied [7-9]. The outcomes of forest restoration projects are usually
assessed focusing on vegetation attributes [10,11], on the contribution to carbon seques-
tration or biodiversity conservation [12]. Overall, there are knowledge gaps about the
impacts of tree planting on soil ecosystem functions that are essential to sustain ecosystem
services for human wellbeing [3,13]. Among these ecosystem functions, water infiltration
is important to control soil erosion and runoff, as well as to promote soil moisture content
and groundwater recharge [14].

Recent literature reviews have indicated that tree planting in the tropics can improve
the water infiltration in degraded soils [3,7,15,16]. Most field studies in forests under-
going restoration [8,17-21] have measured water infiltration on the top-oil focusing on
the saturated soil hydraulic conductivity (K), only a few scientific works [22-26] have
investigated the preferential flow pathways, explaining the water movement through the
soil profile. Usually, preferential flow pathways are identified by dye tracer experiments,
which have been important in hydrology to understand the water cycle, subsurface flows,
and transport processes [27,28].

In the last 50 years, native ecosystems in Colombia have been highly transformed by
deforestation and land use change [29,30]. As result, the country has taken steps to restore
degraded lands, for instance, Colombia’s government recently adopted an ambitious 20-
year National Restoration Plan and is actively participating in international restoration
initiatives [31]. Nevertheless, restoration projects in Colombia rarely studied soil indicators
and the hydrological services provided by tree planting are poorly understood [32].

This investigation aims to broaden the analysis started in a previous work [33], study-
ing a different area within the Perija Range, Colombia. Specifically, our main objective was
to investigate whether the hydrological soil processes are affected by forest restoration,
studying the top soil infiltrability in relation to the subsurface percolation pathways. We
quantified and compared the K; and preferential flow pathways of a forest undergoing
restoration (hereafter, Active Restoration) with two different land covers, a degraded land
(hereafter, Degraded Land), and a secondary old-growth forest (hereafter, Reference For-
est). For each land cover type, we examined the possible effects of the topsoil K; on the
theoretical amount of infiltration during rainfall events and runoff processes.

2. Materials and Methods
2.1. Study Area

The study area is located in the sub-basin of the Tucuy River in the Perija Range, in
the municipality of La Jagua de Ibirico, village El Zumbador, César department, Colombia.
The area is characterized by steep slopes (>20°); elevation range between 1000 and 1500 m
above sea level (Figure 1). The area has a tropical wet-dry climate, Aw according to the
Koppen classification; the native vegetation belongs to the Sub-Andean forest; the mean
annual temperature is 24 °C, and the average annual precipitation varies between 2200 and
2600 mm per year, with the wettest period from September to November, and the driest
period from December to March [34]. The main soil type in the study area is Inceptisols
(i.e., Typic Dystropepts) according to USDA Soil Taxonomy [35], which have sandy loam
and loam as the dominant soil textures [36].

Over the last 50 years, most of the deforestation in the landscape has been linked
to coffee production and livestock grazing [3]. Within the study area, we selected three
land cover types of Active Restoration, Degraded Land, and Reference Forest (respectively
abbreviated as AR, DL, and RF) to measure soil hydrophysical and vegetation attributes.
In each land cover, we established one circular plot, with an area of 160 m? each. To avoid
large climatological and geological differences, the plots were located at a similar elevation
and slope, within a maximum distance of 1.5 km from each other.
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Figure 1. Map of the study area within the Department of Cesar, Colombia, and pictures showing the characteristic

vegetation cover of each site.

Land use history for the study sites was reconstructed based on interviews with the
local population and aerial photographs. The AR site (9°34'12.26" N, 73°9'41.33” W; mean
slope: 18°) was initially a forest that was cleared in the middle of the 20th century. After
clearing, the site was heavily grazed for more than 30 years. In 2009, native tree plantings
were established by forestry offsetting “Vivo Perija”. This program was developed by
mining companies, and it has the aim to protect and restore the forests of the Tucuy and
Sororia sub-basins [4]. Our measurement in this restoration site represents the effect of
12 years of active restoration on highly degraded soil.

The DL site (9°33/46.83" N, 73°9'42.62" W; mean slope: 23°) was cleared first in
1970 by slash and burn. For 40 years the land was used as pasture to raise cattle, in
this period the pasture was abandoned many times and later fire was used to clear the
area. In 2017 the cattle were excluded, and no fires have been recorded in the last decade.
The vegetation cover in the site is dominated by the introduced pasture grass species
Jaragua (Hyperrhenia rufa), with a mean height of about one meter and isolated native trees
and shrub species. Our measurements in this degraded site reflect the influence of an
intensive land use history at a highly degraded site after the first four years of the natural
regeneration process.

The RF site (9°33/12.18"” N, 73°9'44.05” W; mean slope: 20°) is a secondary old-growth
forest that for the last 40 years has been affected by the selective cutting of trees and
fire disturbances coming from adjacent agricultural fields. Additionally, the RF is also
affected by the occasional crossing of cattle. Since 2010, the forest was included as an
area under conservation in the forestry offsetting “Vivo Perija”, similarly in the region,
there are 134 farmers (4666 hectares) who received economic incentives for conserving the
forest for 15 years [4]. We used the RF site as a control area to assess reference values for
soil properties.
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2.2. Field Measurements
2.2.1. Vegetation Sampling

Following our previous investigation [33], we measured the vegetation attributes:
(1) canopy cover; (2) vegetation height; (3) diameter at breast height (DBH); and (4) total
number of trees. We surveyed all living trees with DBH > 5 cm. We estimated the vegetation
height with a 3 m measuring stick, and the remaining height of trees taller than this was
estimated visually. We also measured the percentage of canopy cover six times with the
mobile application CanopyCapture [37].

2.2.2. Saturated Hydraulic Conductivity

We randomly selected ten sampling points within each study plot for the infiltration
measurements. The distance between sampling points was at least 2 m. For measuring
the infiltration rates we used the Beerkan method [38]. In total, 30 Beerkan experiments
were carried out in February 2021. The values of Ks (mm h~!) were estimated using
the Steady version of the Simplified method based on a Beerkan Infiltration run (SSBI
method) [39]. The SSBI method was chosen to avoid uncertainties due to a specific shape
of the cumulative infiltration [17,40].

For each plot, we collected undisturbed soil cores (100 cm?) at 0-5 cm depth. We
determined the bulk density, BD (g cm~3), and the initial volumetric soil water content
0i (cm3 cm™3). At the end of each infiltration test, a disturbed soil sample was collected
to determine the saturated gravimetric water content. The BD was used to calculate the
saturated volumetric soil water content, 0s (cm3 Cm_3).

2.2.3. Dye Tracer Experiments

For each plot (in each land-cover type), we carried out three dye tracer experiments
to investigate the preferential flow pathways formed by roots and soil macroporosity [41].
Following similar investigations [22,42], water with 4 g L~! of Brilliant Blue Dye (FCF
C.1. 42090) was sprayed on a 1 m? plot for 60 min, with a total volume of 25 mm. The
irrigated plots were covered with a plastic sheet and the soil was excavated after 24 h.
We excavated three sections per plot, each section was described qualitatively in the field
and photographed for subsequent analysis [43] to determine the fraction of stained areas
per depth, total stained area per section, amount of stains per section, and the fraction
of stains equivalent widths to total stained area (<2 cm, indicating the dominance of
preferential flow pathways and low interaction with the matrix; and >20 cm, indication
flow with high interaction with the matrix or homogeneous matrix flow). Color adjusting,
geometric editing, and soil surface identification of the photos were applied by using the
GNU Image Manipulation Program (The GIMP Team. Version 2.10.4; Available online:
https:/ /www.gimp.org/ accessed on 9 November 2021).

2.3. Data Analyses

Differences in K;, BD, 6i, 6f, canopy cover, vegetation height, DBH, and tracer-
experiment characteristics between the respective land-cover types were tested for statis-
tical significance by applying the Kruskal-Wallis analysis. Differences were taken to be
significant for values of p < 0.05. All vegetation and soil analyses were performed in R
software [44], while the tracer experiment analysis was applied using Python V3.7 with
Scipy, NumPy, Pandas, Imageio, and Skimage [45-49].

3. Results

Overall, for the vegetation attributes, higher values were observed in the RF. The
canopy cover and DBH varied significantly between the AR and RF sites. Only the
vegetation height was similar between both land covers. The AR plot evidenced more
small trees than the less disturbed forest, moreover, a larger number of trees (34) was
counted at the AR site. The vegetation at the DL was dominated by tall grasses with
scattered small shrubs and no trees were registered in this site (Table 1).
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Table 1. Mean soil properties and vegetation characteristics (+standard deviation) of the forest sites.
Different superscript letters denote statistically significant differences between land-cover types
(p <0.05). AR, Active Restoration; DL, Degraded land; RF, Reference Forest.

Variable AR DL RF
Ks (mmh~1) 240 42122 40 4+ 34° 324 £1732
BD (g cm~?) 1.11+0.162 1.24 4 0.06 2 1.18 +0.06 2
0i (cm® cm—3) 0.08 £0.02°2 0.07 £0.022 0.06 £0.032
of (cm® cm—3) 0.36 £0.292 0.27 £0.092 0.19 + 0.04b
Canopy cover (%) 50+72 - 80+10P
Vegetation height (m) 5+22 - 6+442
Diameter at breast a b
height (cm) 33+£17 - 62 =+ 48
Total number of trees 34 - 23

The values for the 6i were not significantly different between the study plots. The
antecedent moisture content, varied between 0.04 to 0.08 cm® cm~3 and was moderately
low for the RF. The 6f varied between 0.09 to 0.74 cm3® cm ™3 with significantly lower
average values for RF than the AR and DL sites (Table 1). The K; at the soil surface in the
study land covers ranged from 7 mm h~! to a maximum of 674 mm h~! (Figure 2). The
higher K; was evidenced in RF (range: 37-674 mm h~1), which was similar to AR (range:
11-655 mm h~1). The K; was significantly lower for the DL (range: 7-99 mm h~!). The BD
ranged from 0.91 to 1.34 g cm~3; there were no significant differences between the plots in
terms of BD, although the values were lowest at the AR and highest at the DL site.

3 (B)
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Figure 2. Boxplot of the (A) saturated soil hydraulic conductivity (Ks) and (B) soil bulk density (g cm~3) for each land cover
type. AR, Active Restoration; DL, Degraded Land; RF, Reference Forest. Different letters represent significant differences at

p <0.05.

On top of the soil surface a 2, 0.5, and 4 cm layer existed of organic material such as
dead leaves and branches for AR, DL, and RE, respectively. The soil layer was very shallow
and only a thin (<5 cm) Al horizon was present at RE. In general, the soil profile below
50 cm could be classified as a mineral horizon containing saprolite and even a transition
from the C horizon to bedrock, the amount of cobble to boulders sized rock fragments
(from here on referred to as stones [50,51] with sizes varying between 1 and 35 cm) varied
a lot; in general, they were very angular and non-spherical, while at the DL the sizes were
more homogeneous between 2 and 25 cm and more spherical. In most of the AR and RF
sections, at around 30 cm depth, there was an increase in the number of boulders and
in some sections weathered rock was found (Figure 3). In some sections, we were not
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able to dig deeper than 60 cm below the soil surface due to the amount and size of the
rock material.

Original photo Decolorized (blue stains)

Active Restoration
z A ALY

Depth below reference level [cm]

70 y

Depth below reference level [cm]

80

e Reference Forest f

Depth below reference level [cm]

0 20 40 60 80 100 0 20 40 60 80 100
Distance on section [cm] Distance on section [cm]

Figure 3. Dye tracer experiments showing the original photo during excavation (a,c,e) and the

corrected dye infiltration patterns (b,d,f) for Active Restoration (a,b), Degraded Land (c,d), and

Reference Forest (e, f).

In the DL, the top soil infiltration can be qualitatively classified as a heterogeneous
matrix flow (top ~5 cm), in AR and RF this pattern was only visible at local surface
depressions and is less deep (<4 cm). In the deeper layers, it was visible that more dye
occurred along the roots and stones; at DL the deepest observed roots were at ~65 cm
depth, while the deepest roots at AR and RF were found at ~95 cm depth. Summarizing,
the infiltration types can be qualitatively characterized as macropore flow with mixed (high
and low) interaction with the matrix (Figure 3).

The total stained area for the AR sections was the largest (median 1320 cm?), lower
for RF (median 1133 cm?), and smallest for degraded land (median 927 cm?) (Table 2).
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Differences were only significant between DL and AR. The latter was also the case for
the largest stain per section; medians of 837, 233, and 528 cm? for respectively AR, DL,
and RF, respectively (Table 2). Although no significant differences between the sites were
detected for the maximum stained fraction, amount of stains, and fractions of stains
(<2 cm and >20 cm), AR showed the largest values for the amount of stains and fraction of
stains > 20 cm, indicating the presence of more preferential flow pathways and interactions
with the matrix (also being the case for RF) (Table 2 and Figure 4).

Table 2. Median (£standard deviation) values of the results of the blue dye experiments. Different
superscript letters denote statistically significant differences between land-cover types (p < 0.05). AR,
Active restoration; DL, Degraded land; RF, Reference forest.

Variable AR DL RF
Total stained area (cm?) 1320 £ 707 2 927 + 379 b 1133 + 254 2P
Maximum stain area (cm?) 837 + 7862 233 +223b 528 4+ 290 ab
Maximum stained fraction (-) 0.63+0.16% 053 +0.142 058 £0.102
Amount of stains (-) 4744 + 3166 2 2771 £ 2067 2 4257 £ 16342
Fraction of stains <2 cm width to total a a a
- o 18.1 +£21.6 183 £ 155 17.6 £7.0
stained area [%]
Fraction of stains >20 cm width to total 68 + 3152 404 4+ 0044 615+ 2082

stained area [%]
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Figure 4. Results of dye tracer experiments showing the nine fractions of stained area per depth (a—c) and cumulative area
covered by stains (d—f) for Active Restoration (a,d), Degraded Land (b,e), and Reference Forest (c,f). Lines denote sections
from down- to upslope (black, grey, red, green, and blue). The continuous lines are from the first plot, dashed lines are from
the second plot.
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The largest volume of blue dye near the surface was found at RF, varying much more
for AR and DL (Figure 4). At RF, the fraction of blue declined rapidly to around 6 cm
depth and then increased again in the layer dominated by stones at 15 to 40 cm depth. The
fraction of blue below 30 cm depth was lowest for DL and only present along some stones,
while at AR, and even more for RF, deeper root penetration leading to larger fractions of
blue stain at depths larger than 40 cm was observed (Figures 3 and 4).

4. Discussion
4.1. Space for Time Approach Not Applicable

To ensure the comparison between the study sites, we endeavored to choose plot
locations with the least environmental variability. Unfortunately, differences in the soil
profile were observed during the field description. Therefore, our study could not use the
space-for-time approach. The DL site contained more stones and these stones were located
closer to the surface. No previous research or information on erosion and soil texture
was available. Based on the information on land use history, we expect that DL endured
much more erosion due to the absence of large vegetation, which could have caused a
loss of more than 20 cm of soil. Due to the absence of information, we cannot exclude
geological differences even though DL is located halfway between RF and AR. Furthermore,
no information of the previous soil physical state of AR is available. Therefore, it is not
possible to apply the space for time approach.

4.2. Topsoil Properties and Vegetation Characteristics

Not unexpectedly, the highest K; values were found at the RF, which was also the site
with greater values for the vegetation attributes. This result is in line with many tropical
studies that observed a high K; for little disturbed forests [7,19,20,22,33,52,53]. Overall, it is
well documented in the literature that a good plant cover can generally prevent surface
erosion, and a well-developed tree cover can also reduce shallow landsliding [3,15,54]. The
top soil infiltration in the RF could be being influenced by occasional crossing of cattle,
which can affect the runoff process. Our mean K; in the RF (324 mm h~1) site was lower
than the mean reported value of 469 mm h™! in a previous study [33] for a secondary
old-growth forest that was more than 50-years-old. In that study, K; was also measured
in a forest with 15 years of natural regeneration, showing a mean value of 244 mm h~!,
interestingly this value was similar with the mean K; in the AR (240 mm h~'), which can
be interpreted as a recovery after a certain degree of degradation [55]. Both, the active and
the natural regenerated forests in our study did not reach the K; reported at the shade-
grown coffee (mean 322 mm h~1) site [33]. Planting trees in coffee plantations is a highly
recommended practice to reduce soil erosion and increase the infiltration capacity [56,57].
For the DL, the mean K, (40 mm h~!) was higher than the pasture (12 mm h~!) sampled
previously. This difference can be explained by the intensity of land use and the more
recent trampling of cattle in the pasture [17].

4.3. Infiltration Characteristics and Implications for Runoff Processes

Due to the absence of variations in flow types and stained parameters between sites
and sections, quantitative flow type determination as in Weiler et al. [43] was not applicable
for our sites. Qualitative observations of the infiltration patterns (Figure 3) and stained
parameters indicated; heterogeneous matrix flow and fingering near the surface while
percolation patterns were dominated by macropore flow with mixed (high and low) in-
teraction at deeper layers around stones and roots. As in Zwartendijk et al. [22], fewer
preferential flow pathways existed in DL than to RF, but when they occurred, the water was
able to move deeper due to the lower interaction with the matrix. Comparable research as
in Collof et al. [58], Hanson et al. [59] and Zwartendijk et al. [22] indicated that macropores
in degraded lands were filled by fine soil particles and so blocked macropore flow. For
our case, this was only true for the top layer blocking water to infiltrate to the deeper
layers, while deeper flow patterns were affected by preferential flow around stones and to
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a minor extent roots, which did not show significant differences between DL and the other
land uses.

Future research carried out at the sub-basin of the Tucuy River should seek to address
the role that tree planting plays on ecohydrological processes and water dynamics also at a
larger scale (e.g., hillslope scale and sub-basin scale). For this aim, geophysical techniques,
such as ground-penetrating radar (GPR), may be adopted for noninvasive monitoring
of the temporal and spatial distribution of water flow and preferential low pathways
detection [60,61].

Together with the steep topography (>15 degrees) and the local depressions, the
topsoil Ks dominantly affects the volume of water infiltration during rainfall events and
groundwater recharge and can also be affected by the previous wetness of the soils, the
rainfall amount, duration, and intensities [23,62-64]. To have a proper understanding of
the actual infiltration and runoff processes, it is important to understand the precipitation
characteristics. The nearest daily rainfall is measured approximately 60 km away from the
research area at an elevation of 900 m ASL, with annual rainfall between 930 and 3500 mm
per year (median 2030 mm per year), 24% of rainy days (>1 mm rainfall), median daily
precipitation of 12 mm, and maximum of 160 mm (Figure S1), which matches the annual
precipitation between 2200 and 2600 mm per year as mentioned in [34]. At higher elevations,
at 480 km from our study area [65], measured precipitation occurs at altitudes between
1550 and 2300 m, identifying wetter and less seasonal conditions at higher elevations,
indicating a positive relation between elevation and fog or rainfall persistence. Annual
rainfall for the two rainfall gauges at the low elevation sites (3900 mm) were similar but
considerably lower than those observed at the high elevation station (4700 mm). The same
study mentioned that seasonally mean daily rainfall at the lower elevations were 15 mm
during the wet and 3 mm during the dry season. Further, 25 km away from the sites
of Ramirez et al. [65] at an elevation of 1550 m ASL, Peralta and Ataroff [66] measured
3670 mm annual rainfall.

To estimate the runoff processes during a rainfall event, we selected comparable
research [14,19,23,67,68], although at lower elevation and lower annual precipitation, we
expect 5-min rainfall intensities larger than 75 mm h~!, 10-min larger than 45 mm h-1,
and even hourly rainfall exceeding 20 mm h~! (Table S1). Comparing these intensities
to the measured top soil infiltration capacities on the steep slopes, this means that the
infiltration excess overland flow (IOF) will be the dominant runoff mechanism at DL (mean
K of 40 mm h™!, standard deviation 34 mm h~!). The variation in K, for AR indicates
that locally IOF will occur, but this flow may infiltrate at locations where the values are
much higher (mean Ks of 240 mm h~1, standard deviation 212), and it is unlikely that IOF
will occur at RF (mean K; of 324 mm h~!, standard deviation 173 mm h~1). The latter is
in line with research elsewhere [15,16,23,24]. To have a better understanding of hillslope
scales it is recommended to apply larger scale measurements of overland flow, subsurface
processes, and precipitation measurements.

5. Conclusions

Our study combined vegetation sampling, K; measurements, and dye tracer experi-
ments in three land-cover types: AR, DL, and RF, with contrasting differences in soil profile
and land use history. Compared with previous research, our measurements indicated no
significant differences for top soil infiltration capacity between Active Restoration and
Reference Forest and significant differences between these land uses and Degraded Land.
Although bulk density values were lowest at the AR and highest at the DL site, there
were no significant differences between the plots. The blue dye experiments revealed that
near surface matrix infiltration was dominant at DL but less abundant at AR and RF. The
general flow pattern was identified as macropore flow with varying interactions with the
soil matrix. The preferential flow at 25 cm depth was mainly affected by the presence of
a layer dominated by stones with high interaction with the soil matrix. Although visu-
ally preferential flow in deeper layers was dominated by roots (more in RF, less in AR,
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and absent in DL) and stones, no significant differences were determined for maximum
stained fraction, number of stains, and fractions of width for the three sites. The total and
maximum stain area was largest for AR and differed significantly from DL.

The significant differences in top soil K; for DL (mean 40 mm h™!) compared to
AR and RF (mean values of 240 and 324 mm h~!, respectively) indicated that top soil
infiltration capacity and soil physical parameters not only directly regulate the amount of
infiltration but also infiltration patterns and runoff processes, leading to more infiltration
excess overland flow for Degraded Land than for other land uses. We highly recommend
that geology and the presence of stones within the subsoil must not be omitted while
studying these processes and the hydrogeological effects of land use changes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12121716 /51, Figure S1: Daily precipitation time series for the station “La Jagua de Ibirico” in
Colombia. Table S1: Published studies showing the characteristic of rainfall events.
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