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Abstract: Cerrado, constituting native Brazilian vegetation in the tropical and subtropical grasslands,
savannas, and shrublands biome, has been extensively replaced by crop and pastureland, resulting
in reduced water recycling to the atmosphere via evapotranspiration (ET). Re-introducing trees via
integrated land-use systems potentially restores soil health and water-related processes; however,
field data are scarce. During two years, we monitored soil moisture dynamics of natural Cerrado
(CER), continuous pasture (COP), integrated crop-livestock (ICL), and integrated crop-livestock-
forestry (ICLF) systems across 100 cm soil depth. Across years, mean soil moisture was highest
for ICL, followed by COP and lowest in systems with trees (ICLF and CER). However, seasonal
and spatial analyses revealed pronounced differences between soil layers and systems. COP and
ICL mainly lost water from upper soil layers, whereas in ICLF, the strongest water depletion was
observed at 40-100 cm depth, almost reaching a permanent wilting point during the dry season. CER
was driest in the upper 40 cm, but water storage was highest below 60 cm depth. Our results suggest
that compared to conventional land-use practices, integrated systems, including trees, increase water
recycling to the atmosphere via ET and potentially compensate for the loss of key ecological functions
of degraded or replaced Cerrado.
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1. Introduction

The Brazilian Cerrado biome, the second largest biome in South America, underwent
and is still undergoing an expansion of agriculture for the last five decades [1,2]. About 50%
of the natural Savannah vegetation has been replaced by monocultures of soybean, sugar
cane, corn, coffee, or cotton, as well as by energy plantations and pastures [2—4]. Whereas
rapid expansion of agricultural activities significantly increased crop yields and economic
wealth in the region, it also contributed to soil degradation and altered water cycles [5].

Compared to undisturbed Cerrado vegetation, regions affected by deforestation and
land use change were characterized by changed water pathways towards reduced evap-
otranspiration (ET) and relatively increased runoff and percolation [5,6]. Several studies
reported potential consequences of land cover changes, including reduced annual precipi-
tation and increased rainfall variability [6-8].

Strong seasonal variability of rain and, as a consequence, temperature greatly influence
soil moisture dynamics in this ecosystem, resulting in reduced soil moisture availability
during the dry season [9]. The natural savannah vegetation of the Cerrado is highly adapted
to seasonal variability of soil moisture and has developed several coping strategies, such as
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deep rooting systems, dormancy of the herbaceous layer, stomata control, leaf abscission,
and the ability to extract water from soil at different depths [9]. Integrated crop-livestock
systems (ICL) or integrated crop-livestock-forestry systems (ICLF) are management systems
aiming at conserving soil resources while sustainably producing crops, livestock, and/or
timber integrated into the same area employing intercropping or rotations [10]. Compared
to conventional continuously cropped or grazed systems, integrated systems conserve soil
quality by reducing erosion, maintaining or increasing soil organic matter, and improving
soil structure and porosity, resulting in increased infiltration and water retention capac-
ity [11,12]. Increased soil water infiltration and improved soil water storage of integrated
systems potentially reduce drought impacts on agricultural production [13]. However,
in comparison to deep-rooting natural Cerrado vegetation, pastures and integrated sys-
tems tend to extract water at shallower depths and can create a strong distortion in the
vertical-spatial water distribution. On a transect within an ICLF system, large seasonal and
vertical-spatial heterogeneity in soil moisture has been reported [14], and these effects of
vegetation heterogeneity are expected to be more pronounced across and between systems.
As the most important species of any pasture component, Brachiaria brizantha, mainly roots
in the upper 30 cm of the soil [15]; the dynamic of moisture in the topsoil largely affects
the productivity of the pasture and, thus, in addition to seasonal variability, dynamics of
vertical-spatial variability of soil moisture within seasons needs to be taken into account
when evaluating the effects of land-use change on water availability and -productivity.
The soil moisture dynamics depend to a large extent on the concentration of soil organic
matter in any soil layer, which, in turn, has been shown to be strongly affected by land-use
change [16].

Nonetheless, information on seasonal and vertical-spatial variability of soil moisture as
affected by land-use change from natural Cerrado to pasture or integrated systems remains
scarce. Since land-use change also affects the quality and the physical characteristics of soils
and, thus, soil moisture dynamics, it directly impacts long-term land productivity. On the
other hand, actively growing vegetation also directly affects soil moisture via transpiration
and evaporation, which renders comparing soil moisture dynamics across different land
use types difficult as the transpiring biomass and the soil cover need to be factored in.
Therefore, the objective of this study was to elucidate the seasonal and vertical-spatial
variability of soil moisture of a Cerrado ecosystem as affected by different long-term land
use management.

2. Materials and Methods
2.1. Experimental Area

The study was conducted on the long-term experimental sites of EMBRAPA Beef
Cattle situated in Campo Grande in the state of Mato Grosso do Sul, Brazil (20°24/54.9” S,
54°42'25.8", altitude 530 m). The study area is characterized by a tropical savannah Aw
climate (Koppen) with a mean annual temperature of 22.6 °C and mean annual rainfall of
1560 mm divided into a distinct rainy season and a distinct dry season (Figure 1). About
70% of the mean annual rainfall falls within the rainy season, and the remaining 30%
within the dry season. Temperature, relative air humidity, solar radiation, wind speed, and
precipitation were monitored with a nearby meteorological station operated by EMBRAPA
Beef Cattle.

2.2. Treatments

All measurements were performed in four land use systems, defined here as treatments,
namely: continuous pastures (COP), integrated crop-livestock system (ICL), integrated-crop-
livestock-forestry system (ICLF), and natural Savannah vegetation, Cerrado (CER). Plots
of the four treatments were arranged on three replications and located in close proximity
(Figure 2). For the CER treatment, measurement plots were established in a large continuous
Cerrado area.
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Figure 1. Monthly precipitation, mean air temperature, and mean daily solar radiation recorded over
the experimental period at the EMBRAPA Beef Cattle station in Campo Grande, Mato Grosso do Sul,
Brazil (20°24'54.9" S, 54°42/25.8", altitude 530 m) with a nearby meteorological station.

Figure 2. Top part: Map of the study area indicating the location of the four treatments and replica-
tions. CER: Cerrado (natural Savannah vegetation), ICLF: integrated-crop-livestock-forestry system,

ICL: integrated crop-livestock system, COP: continuous pasture. Bottom part: Aspects of the respec-
tive treatments.
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The plots of the treatments COP and ICL were part of a long-term management
experiment that was established in 1995 and, thus, demonstrated management effects of
more than 20 years. The COP treatment represented a typical degraded non-fertilized
pasture often found in central west Brazil. The pasture consisted of Brachiaria decumbens
cv. Basilisk under variable stocking rate with a minimum of two steers per plot and
increasing stocking rate depending on forage availability. In ICL, rotation strategy was
established with a cycle of 4 years, rotating Glycine max under no-till for one year, followed
by Brachiaria brizantha cv. BRS Piati pasture under variable stocking rate with annual
fertilizer application of 50 kg N ha~! (in the form of urea) and 300 kg NPK ha~! (0:20:20)
for three years. The ICLF was part of another long-term management experiment and was
established in 2008. It consisted of a Brachiaria brizantha cv. BRS Piatd pasture lined with
rows of 25 to 27 m high Eucalyptus (Eucalyptus grandis x Eucalyptus urophylla, H13 clone)
trees with annual fertilizer application of 50 kg N ha~! (in the form of urea) and 300 kg
NPK ha~! (0:20:20). The Eucalyptus seedlings were transplanted in east-west oriented rows.
Each replication consisted of two single tree rows at a distance of 22 m and 2 m distance
between the trees within each row, resulting in a tree density of 227 trees ha~1. The ICLF
followed a 4-year rotation strategy with Glycine max for five months, followed by 3.5 years
of pasture. For this study, data were collected for the ICL and the ICLF treatment during
the second and third years of the pasture cycle from November 2015 to August 2017. For
the ICL and ICLF treatment, the cattle (Nellore heifers) grazed at varying stocking rates
depending on biomass production to keep the height of the pasture at approximately 35 cm
(put-and-take method).

2.3. Soil Characteristics

The soil of the study area has been classified as a Ferralsol [17] and a Typic Acrudox
Oxisol [18]. From soil pits excavated in February 2017, undisturbed (coring rings 10 cm?)
and disturbed soil samples were taken for all four treatment plots in 10, 20, 30, 40, 60
and 100 cm depth, resulting in 3 replicates per depth. The undisturbed soil samples were
used to determine soil bulk density (BD), and the disturbed soil samples to analyze pH
measured in calcium chloride, soil organic carbon (SOC) using a C/N analyzer and soil
texture using the pipette method (Table 1). Saturated hydraulic conductivity (Ksat), field
capacity, and permanent wilting point were calculated using the computer program Rosetta
Lite v. 1.1 within the software package HYDRUS 1D by PC Progress. Rosetta Lite v. 1.1
implements five hierarchical pedotransfer functions for the estimation of the van Genuchten
water retention parameters (pF curve: field capacity and permeant wilting point) and the
saturated hydraulic conductivity by using the measured soil texture and BD data [19].

Table 1. Soil characteristics for the treatments CER: Cerrado (natural Savannah vegetation), ICLF:
integrated-crop-livestock-forestry system, ICL: integrated crop-livestock system, COP: continuous
pasture. SCL: sandy clay loam, SC: sandy clay.

pH BD socC Texture [%] Ksat
Depth [em] (CaCly) [g cm—3] [%] Sand Silt  Clay [em d—1]
Cerrado (CER)

10 43 0.91 3.13 56 7 37 SC 107.1
20 4.3 0.94 2.08 53 8 39 SC 99.8
30 4.4 1.00 1.68 52 7 41 SC 83.4
40 4.6 1.05 1.59 51 7 42 SC 71.9
60 - 0.99 - - - - - 83.6
100 - 1.01 - - - - 79.7

mean 4.4 0.98 2.12 53 7 40 SC 87.6
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Table 1. Cont.
pH BD SOC Texture [%] Ksat
Depth [cm] (CaClp) [g cm—3] [%] Sand Silt  Clay [cm d-1]
Integrated-crop-livestock-forestry system (ICLF)

10 5.4 1.24 1.83 56 6 38 SC 46.9

20 5.0 1.17 1.60 55 6 39 SC 55.5

30 438 1.11 1.35 54 7 39 SC 65.0

40 4.8 1.14 1.18 55 6 39 SC 60.3

60 - 1.14 - - - - - 60.3

100 - 1.10 - - - - - 67.2
mean 5.0 1.15 1.49 55 6 39 SC 59.2

Integrated-crop-livestock system (ICL)

10 5.2 1.25 2.39 53 7 40 SC 415

20 5.1 1.18 1.82 53 7 40 SC 51.8

30 5.0 121 1.50 53 8 39 SC 474

40 438 1.19 1.24 52 7 41 SC 49.1

60 - 1.18 - - - - - 50.6

100 - 1.10 - - - - - 64.1
mean 5.0 1.18 1.74 61 5 34 SC 50.7

Continuous pasture (COP)

10 49 1.34 1.75 64 5 31 SCL 49.1

20 4.8 1.24 151 60 6 34 SCL 57.5

30 47 1.28 1.29 61 4 35 SCL 52.1

40 4.6 1.24 1.05 59 4 37 SC 47.0

60 - 1.28 - - - - - 47.0

100 - 121 - - - - - 56.4
mean 438 1.27 1.40 61 5 34 SCL 52.4

2.4. Soil Moisture and Aboveground Biomass Measurements

For the treatments CER, ICL and COP in each replication, five fibreglass access tubes
(DeltaT Type: ALT1) of 1 m length were vertically installed along a row with 2 m distance
between the access tubes for volumetric soil moisture [vol%] measurements with a portable
DeltaT FDR (frequency domain reflectometry) PR2/6 profile probe. In the replications
of the ICLF treatment, the fibreglass access tubes were installed along a transect of five
sampling points between the tree rows to account for the shading and soil moisture gradient
caused by the trees. For the exact location of the access tubes between the tree rows, see
Figure 2 in Glatzle et al. [14]. For the ICLF system, soil moisture values have been averaged
from measurements taken along the transect between the tree rows to account for variability
in soil moisture caused by the distance from the trees. FDR measurements were taken
weekly in depths of 10, 20, 30, 40, 60 and 100 cm. The FDR soil moisture measurements
were validated against gravimetric soil moisture measurements. Samples for gravimetric
soil moisture measurements were taken with an auger right next to every FDR access tube
at the same depths where the FDR probe measurements were taken.

Evapotranspiration data were calculated from changes in the volumetric soil moisture
content in the respective layers and then added up and expressed in mm of evapotranspira-
tion. Conversion from volumetric soil moisture content to mm was calculated as: Vol % in
[m3 m3] x depth [m] x 1000 = [1 m 2] = [mm]

In all four treatments, aboveground biomass (AGBM) [g DW m 2] was quantified
monthly at a total of 22 sampling dates (Dec 2015-Sept 2017). At each sampling date,
biomass was collected at five sampling points in each replication (for ICLF along a transect
between the tree rows). The grass layer was harvested on 1 m? and cut 5 cm above the
ground. Furthermore, for COP and ICL, all dead material laying on the ground within the
1 m? was collected, and for ICLF, all dead material + litter from the Eucalyptus trees laying
on the ground within the 1 m? was collected. Due to the non-existing grass layer, only
litter was collected from 1 m? sampling points in CER. All harvested biomass samples were
separated into green biomass, standing dead biomass, and litter-dried for 48 h at 70 °C and

weighed to determine biomass as dry weight per area in g m 2.
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2.5. Data Analysis

Data were analyzed in a randomized block (3 replicates) design using the generalized
least squares model of R [20]. For the analysis of soil moisture treatment, month and depth
were considered as fixed effects. For the analysis of green AGBM and dead AGBM + litter,
treatment and month were considered as fixed effects. As soil moisture was only measured
at 10, 20, 30, 40, 60 and 100 cm depth, soil moisture values at 50, 70, 80 and 90 cm depth
were obtained by linear interpolation of the measured data points.

3. Results
3.1. Seasonal Dynamics of Soil Moisture Content

Figure 3 shows the monthly dynamic of soil moisture content across the entire soil
profile (0-100 cm) for all treatments over the experimental period. Monthly mean soil
moisture content varied between 18 and 35 vol% and followed a clear seasonal pattern in all
treatments. The dynamics of soil moisture content differed significantly (p < 0.001; Table 2)
between treatments and seasons, with the integrated crop-livestock treatment being the
wettest, varying between 35 vol% (wet season) and 25 vol% (dry season) (Figure 3).

The lowest monthly mean soil moisture content was observed in the natural Cerrado,
with maximum values around 28-30 vol% during the rainy season and minimum values
around 18-23 vol% during the dry season. The integrated crop-livestock treatment had,
on average, about 5 vol% higher soil moisture content than the integrated crop-livestock-
forestry treatment average during the rainy season. Averaged over the rainy season,
CER had with 27.5 vol% the lowest soil moisture content, closely followed by ICLF with
27.7 vol%, followed by COP with 30.0 vol%, while ICL had with 32.3 vol% the highest soil
moisture content. The different treatments follow the same sequence when averaged over
the dry season but with a soil moisture level 10-15 vol% lower than in the rainy season.

pF 1.8 (42.8)

40 A

Soil moisture content [vol %]

Rainy season Dry season Rainy season Dry season

Figure 3. Monthly mean soil moisture content [vol%] for CER: Cerrado, COP: continuous pasture,
ICL: integrated crop-livestock, and ICLF: integrated crop-livestock-forestry across 0-100 cm soil
profile from Nov 2015 until Aug 2017. Bars represent standard errors with n = 3. Dashed horizontal
lines indicate plant-usable field capacity between pF 1.8-2.5 (field capacity) and pF 4.2 (permanent
wilting point).
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Table 2. Analysis of variance for soil moisture content in the soil profile 0-100 cm. Df = degrees of
freedom, SS = sum of squares, MS = mean square, n = 3.

Soil Moisture Content [vol%] SM=TxM +R
Df SS MS p
Treatment (T) 3 888 296 <0.001
Month (M) 21 2340 111 <0.001
Replication (R) 2 32 16 <0.001
Interaction (T x M) 63 199 3 <0.001
Residuals 174 226 1

Figure 4 illustrates the vertical-spatial dynamics of soil moisture content for different
soil profile depths (from 10 to 100 cm) for the entire experimental period for all four
treatments. In general, soil moisture content increased with depth independent of season
or treatment. As expected in all treatments and in all profile depths, soil moisture content
was lower in the dry season and higher in the rainy season.

The vertical-spatial combined with the temporal resolution allows for a more detailed
analysis of soil moisture dynamics in the various land-use systems. Where Figure 3
indicated that the natural Cerrado seems to be the least water-conserving land-use system,
Figure 4—CER shows that particularly the topsoil down to 30 cm dries out severely, even
during the rainy season (vol% values at or close to permanent wilting point), whereas the
lower profile layers (>70 cm) maintain soil moisture values close to or at saturation. During
the dry season, CER soils dried to a permanent wilting point down to about 70 cm below the
surface. The removal of trees in the ICL and COP systems (Figure 4—ICL, COP) resulted in
strongly different vertical-spatial soil moisture dynamic patterns. Except for the dry season,
where the topsoil (10 to 30 cm) of the two systems dried to values close to the permanent
wilting point, for the remaining time, soils stayed well saturated (vol% values between
25 and 40) from a depth of 10-15 cm below the surface for the entire remaining profile.
Re-integrating trees into the system (ICLF—Figure 4—ICLF) changed the vertical-spatial
dynamic of soil moisture towards the pattern observed in CER. The main difference is that
the top soil stayed relatively well saturated during the rainy season and dried down to the
permanent wilting point in the lower profile layers only during the driest months during
the dry season.

Analysis of variance (Table 3) showed that the land-use system significantly affected
soil moisture content, with this effect highly significant depending on the season (months).
In addition, soil moisture content in combination with season was highly significantly
affected by the position (depth) in the soil profile.

Table 3. Analysis of variance for soil moisture (SM). Df = degrees of freedom, SS = sum of squares,
MS = mean square, n.s. = not significant at p < 0.05, n = 3.

SM SM = TxMxD + R
[vol%] Df SS MS P
Treatment (T) 3 6498 2166 <0.001
Month (M) 21 14657 698 <0.001
Depth (D) 5 23817 4763 <0.001
Replication (R) 2 117 58 <0.001
Interaction (T x M) 63 1261 20 <0.001
Interaction (T x D) 15 5623 375 <0.001
Interaction (M x D) 105 2701 26 <0.001
Interaction (T x M x D) 315 893 3 n.s. < 0.064

Residuals 1054 2738 3
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Figure 4. Soil moisture content [vol%] for 10 to 100 cm profile depth shown as monthly means for
the four treatments: CER = Cerrado, ICLF = integrated crop-livestock-forestry, ICL = integrated
crop-livestock, COP = continuous pasture. RS: rainy season, DS: dry season.

3.2. Soil Moisture Kinetics during Drying Events

In order to evaluate which of the treatments contributed to the local water cycle from
which depth, we followed several dry spells during periods without rainfall in the different
seasons with regular soil moisture measurements across the soil profile down to 100 cm
of depth. We calculated the water lost from the different depths during the drying event
and related it to the overall water loss from the respective treatments during the dry spell
(Figure 5). During a period of 20 days without rainfall late in the rainy season (Figure 5a),
the CER treatment lost 64 mm of soil moisture to evapotranspiration, with the largest
share originating from the first 40 cm of the soil profile. All other treatments lost between
11% (COP), 15% (ICLF) and 18% (ICL) less water than the CER, and for the treatments
including trees, the distribution of water evapotranspired from the different layers of the
soil profile was more homogenous than in the CER. The differences between the treatments
in the way water was lost through evapotranspiration became more manifest in periods
without rain during the dry season. In the dry season, monthly rainfall ranges between
15-60 mm (Figure 1), but there are longer periods with no rain at all. In a 25-day period
without rain early in the dry season (Figure 5b), all systems lost about the same amount of
water. Meanwhile, in the CER, the topsoil did not hold much water (soil moisture values
of less than 15%), soil moisture values below 30 cm depth were relatively high, and most
water was lost from there. In all other systems, the top soil was covered with grass, and the
top layer of the soil profile initially stored a high percentage of water with soil moisture
values of 25 to 30 vol% in the top 10 cm.
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(a) Late rainy season (b) Early dry season (c) Late dry season
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Figure 5. Soil moisture [vol%] kinetics shown for 10 to 100 cm profile depth during dry spells of at
least three weeks without rain in three distinguished seasons for the four treatments CER = Cerrado,
ICLF = integrated crop-livestock-forestry, ICL = integrated crop-livestock, COP = continuous pasture.
Horizontal bars show the water amount of water lost to evaporation in mm from the different soil
depths over the course of the respective dry spell. Data are shown as averages over three replications.
Error bars have been omitted for clarity.

A period of about 3 weeks without rain late in the dry season (Figure 5c) resulted
in reduced water losses in all treatments, mainly due to less water extraction for evapo-
transpiration from deeper soil layers, indicating a less active vegetation cover towards
the end of the dry season. COP and ICL lost about the same amount of water (51 mm
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and 49 mm, respectively), followed by ICLF (40 mm) and CER (34 mm). As in the drying
period before, the strongest decrease in soil moisture content was observed in COP, ICL,
and ICLF in the upper soil layers, whereas in CER, soil moisture decreased most strongly
between 20 and 60 cm depth. During this period, hardly any water was lost at 100 cm
depth in all treatments. On average, across the respective dry spells, the largest variation in
soil moisture content was observed between 30 and 40 cm at CER, whereas in the other
treatments, water was mainly lost from the topsoil.

3.3. Aboveground Biomass

Aboveground biomass (AGBM; from tree biomass, only litter was sampled) was moni-
tored monthly for the entire experimental period and is shown for all treatments in Figure 6.
In general, for all treatments, the total AGBM (green + dead + litter) was higher during the
rainy season than during the dry season. Comparing the treatments on average over the
experimental period, COP had 206 gDWm 2, by far the lowest total AGBM, followed by
ICLF with 607 gDWm~2 and ICL with 760 gDWm 2. Comparing green AGBM on average
over the measurement period, COP had 60 gDWm 2, the lowest green AGBM, followed by
ICLF with 168 g DW m~2 and ICL with 262 gDWm 2. Comparing the dead + litter AGBM
pool, COP (146 gDWm 2) was lowest, followed by ICLF and ICL (439 and 497 gDWm 2,
respectively), while CER had 899 gDWm 2, the largest amount of litter.

1400 =
CER I ICL mmmm Green AGBM
@ Dead AGBM

1200

1000 1 N [

800

600

B
o
o

n
o
o

o
4

1400
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=20 Dead AGBM + Litter [ Dead AGBM
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Aboveground Biomass [gDWm‘Z]

800

600

400

200 -

Figure 6. Time courses of aboveground biomass dry matter (AGBM) for the four treatments CER =
Cerrado, ICLF = integrated crop-livestock-forestry, ICL = integrated crop-livestock, COP = continuous
pasture. Stacked bars show the total AGBM, including standing green, standing dead and litter
biomass (from tree biomass, only litter was sampled). Data are shown as averages over three
replications. Error bars = Standard error of means.
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4. Discussion
4.1. Soil Moisture Dynamics in the Different Land Use Systems

Monthly precipitation (Figure 1) and associated changes in soil moisture content to
a depth of 100 cm for all 4 treatments were continuously measured for 22 months. Soil
moisture content dynamics were strongly seasonal in all treatments, with high soil moisture
content in the rainy season and significantly lower soil moisture content in the dry season
relative to the rainfall regime. Intra-annual changes in soil moisture content were similar
for the different treatments but on different levels. This indicates a higher turnover rate
for precipitation in the dry season due to increased evapotranspiration. For both seasons,
pooled over 1 m depth, soil moisture content was always lower in the treatments with trees,
ICLF and CER, as compared to treatments without trees, COP and ICL. Due to rooting
patterns, trees and shrubs often access deeper soil layers, resulting in increased water
uptake and transpiration. It was shown for the ICLF system that soil moisture content,
especially in deeper profile layers, decreased close to tree lines as compared to the central
areas between the tree lines [14].

Comparing Cerrado (cerrado denso) and a natural grassland (cerrado sujo), Oliveira
et al. [8] found higher evapotranspiration rates in the Cerrado due to differences in tree
densities and leaf area, but also to differences in root distribution. Similar results of lower
soil moisture content at a higher tree density were reported by Quesada et al. [9], who
compared a densely wooded Cerrado with a burned Cerrado with a high grass density
in central Brazil and by Herrera et al. [21] who compared a Eucalyptus plantation with a
Savanah vegetation in Venezuela. In the current study, soil moisture content in CER was
slightly lower than in ICLF on average over the experimental period, which was probably
related to the higher density of woody vegetation and higher leaf area of the CER, resulting
in higher transpiration rates.

In contrast, ICL showed similar amounts of aboveground biomass as CER, including
a large share of standing dead biomass (Figure 6), but soil moisture content was always
significantly higher in ICL than in CER. Since both systems had relatively high soil organic
matter concentrations (Table 1), an indicator for increased available soil water capacity [22],
differences in topsoil moisture content (Figure 3) could have been caused by the large
quantity of dead AGBM in ICL serving as mulch in addition to the closed grass cover, which
both reduce losses of soil moisture via bare soil evaporation [23,24]. Additionally, the CER
canopy and thick litter layer intercept a large share of precipitation, especially of smaller
rainfall events. As a result, some of the precipitation at CER directly evaporates from litter,
leaf and stem surfaces and, consequently, does not contribute to soil moisture content.

In the COP, soil moisture content across the seasons (Figure 3) was always between
CER (driest) and ICL (wettest), but biomass production was only about one-third of ICL.
This indicates soil compaction and degradation resulting from deforestation, intensive
cattle grazing, and machinery use [25-28], as also suggested by the relatively high bulk
density and low hydraulic conductivity (BD and Ksat, Table 1).

Soil compaction may result in reduced growth of aboveground biomass as a conse-
quence of limited root growth [29], which could be an explanation for the significantly
reduced green AGBM in COP compared to ICL and ICLF. However, in contrast to COP,
mineral fertilizer was applied in ICL and ICLF, comparisons of biomass growth between
the systems are difficult and need to be considered with caution.

Soil moisture content and plant water availability strongly depend on soil properties
and the retention capacity for water of the individual soil types. In order to compare soils
for their level of water available to plants and their respective level of degradation, we
calculated soil water retention curves for the different soils (Figure 7).
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Figure 7. Water retention curves for the soils in the four treatments CER = Cerrado, ICL = integrated
crop-livestock, ICLF = integrated crop-livestock-forestry, COP = continuous pasture. Curves were
calculated using Rosetta Lite v. 1.1 within the software package HYDRUS 1D by PC Progress.

The water retention curves showed higher soil moisture content at the same pF values
in the ICL and ICLF systems compared to COP, indicating the potential of integrated
systems (ICL and ICLF) and other conservation systems (e.g., No-Till systems) to mitigate
the effect of soil compaction in pasture systems and, thus, to restore degraded sites due to
lower soil movement, the formation of biopores and input of soil organic carbon [30,31].
The potential of ICLF systems to improve the soil physical quality has also been described
by Moreira et al. [32] and Assis et al. [33], who found improved soil physical quality in
ICLF and ICL systems compared to degraded pastures in the Cerrado biome. In line with
our findings, Nobrega et al. [28] found significantly greater bulk densities and smaller
Ksat and total porosity in the topsoil of a pasture that was converted from a Cerrado. In
contrast to the results reported here, Feitosa et al. [34] found higher water retention at
field capacity of soils under pasture in the Cerrado biome of northern Brazil, indicating
potentially site-specific responses.

Due to the fact that our core experimental sites were established more than 25 years
ago and were continuously maintained under the same management, we were able to
capture a certain level of long-term processes reflected in parameters of soil texture, carbon
content, and hydrological conductivity (Ksat) which could be clearly attributed to the
respective land-use management. In general, our results confirm that tree components
reduce average soil moisture content independent of seasons; however, regarding seasonal
dynamics in different soil depths, differences in water extraction patterns were found
between the systems.

4.2. Seasonal and Vertical-Spatial Soil Moisture Variations

In general, soil moisture content was lowest in the top layers of the profiles and
increased with depth. These moisture profiles changed in the dry season, where relatively
low soil moisture content was found in greater depths. However, soil moisture content in
the observed profiles varied widely between treatments. While the topsoil was driest in
CER in all seasons, soil moisture content in the topsoil layers showed only little variation
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between the other treatments, with COP having the lowest soil moisture content during
the peak of the dry season and ICL having higher soil moisture content during the rainy
season (Figure 4). In contrast, in profile layers deeper than 30 cm, soil moisture content was,
on average, the lowest in ICLF. However, the differences between ICLF and CER in soil
moisture content in the deeper soil layers were strongly seasonal, with a large difference
during the rainy season and similar values during the dry season. COP and ICL had, on
average, soil moisture contents in the deeper soil layers similar to CER, but during the dry
season, soil moisture content was higher in COP and ICL than in CER.

The upper layers of the soil in the Cerrado have been described as relatively dry, with
values below the permanent wilting point during the dry season [35] and a study comparing
the hydrology of catchments predominated by either Cerrado or pasture found significantly
higher streamflow values in the pasture catchment indicating higher evapotranspiration of
the forest [28], confirming results from Dias et al. [36]. Despite the extensive land conversion
from Cerrado to pasture in recent years, studies directly comparing soil moisture content
between the two land use types are scarce. With a lower bulk density and a higher share of
organic matter, the topsoil of CER should have a higher water retention than the other land
use systems. Further, evaporation from the topsoil has been found to be lower in the forest
than in an open pasture [37], as the tree canopy strongly limits the radiation reaching the
ground and the soil is covered with a layer of litter. A layer of litter, which was present in
CER year-round, not only strongly limits evaporation [37] but also intercepts a substantial
share of rain in the Cerrado [38]. Interception from Cerrado canopy was estimated to
be around 20% of total precipitation [6], which in turn is directly contributing to higher
evapotranspiration of Cerrado systems compared to other land-use types.

We are aware that litter can also lead to errors when measuring soil moisture with
permittivity sensors [39], such as the one used in our study. The access tube needs to
be in close contact with the surrounding soil for a precise FDR measurement (Delta-T
Devices Ltd., Cambridge, UK, 2016), and in CER, the upper 2-3 cm of the access tube was in
contact with a layer of litter in a stage of decomposition, which impeded the required close
contact, the precision of the soil moisture measurements at 10 cm depth can be questioned.
However, soil moisture content at 20 cm depth in CER was also lower than in the other land
use types, and its measurement was not affected by the layer of litter. As evaporation and
litter-related measurement errors can be, thus, excluded as causes for the lower values of
soil moisture content in CER, a possible explanation could be the soil-specific characteristics
found in Ferralsols under native Savannah vegetation. Natural ferralsols have a granular
macrostructure due to the gibbsitic (aluminium hydroxide) mineralogy [40], resulting in
a high amount of macropores and micropores [41]. The stable soil structure is based on
the bonds between negatively charged clay minerals and positively charged Aluminum
hydroxide. Juhasz et al. [42] found in the topsoil under native Cerrado vegetation (cerradao)
low soil, bulk density and low water retention caused by high organic matter content and
high total macroporosity. According to this study, water infiltration, conductivity, and
retention depend on the shape of the pores and, consequently, on soil structure. The
pore shapes found in the topsoil of these natural Ferralsols favour water infiltration and
conductivity, which is a disadvantage to retention. Furthermore, natural Ferralsols were
found to have more macropores under native perennial vegetation due to the formation
of biopores [43]. The high total macroporosity, low water retention, and higher saturated
hydraulic conductivity in the topsoil of CER (Table 1) could explain the low soil moisture
content values in this treatment. Moreover, the slope of the CER retention curve (Figure 7)
is steeper compared to the other treatments, indicating that soil moisture is less retained.
In the pasture systems without trees COP and ICL, water was mainly lost from the upper
40 cm of the soil, while in CER, the largest share of water lost, in the upper 1 m of the
soil was depleted between 20 and 40 cm depth (Figure 5). In ICLF, most of the water was
extracted below 40 cm at the end of the wet season, but with increasing water deficit, a
larger share of water was lost from the upper part of the soil. In the pasture, it can be
expected that the largest share of water is lost from the upper part of the soil, as more than
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80% of the roots of Brachiaria brizantha are found in the upper 30 cm of the soil [15]. For the
ICLF system, soil moisture content values have been averaged from measurements taken
along a transect between the tree rows to account for variability in soil moisture caused by
the distance from the trees [14]. Bosi et al. [13] found the largest fluctuation in soil moisture
content in the upper 30 cm of the soil in an ICLF system. However, they also described a
fast soil water withdrawal closer to the trees, indicating a higher water uptake by the trees
than by the pasture. Even though Eucalyptus has a large share of its root system in the top
layers of the soil, its roots grow far beyond the depth of 1 m [44]. The varying depth of the
zone of the largest water extraction found in our study (Figure 5) indicates a shift in water
uptake to greater depth during the dry season. As with decreasing soil moisture content
from the end of the wet season to the end of the dry season, water extraction at 1 m depth
in ICLF diminished, and a larger share of water was probably extracted from greater depth.
In a study from south-eastern Brazil, deep water uptake by Eucalyptus roots accounted for
a relatively small proportion of the total water uptake, but during the dry season, trees
increased the share of the water taken up near the water table at 12 m depth [45]. Similar
effects were reported for the Cerrado. Even with the highest root density being found in
the topsoil in a Cerrado forest and more than 90% of the fine roots in the upper 1 m of the
soil, deep water uptake accounted for 83% of the total water use during the dry season [8].
However, as soil moisture content was much lower in ICLF than in CER between 40 and
100 cm during the rainy season (Figure 4), Eucalyptus trees probably take up more water
in the upper part of the rooted subsoil (40-100 cm) than the Cerrado vegetation during
periods of high water availability. Further, as soil moisture content was much lower in ICLF
than in CER at 1 m depth throughout the year (Figure 4), we hypothesize that the shift in
water uptake to greater depth in response to low soil moisture content is taking place earlier
in CER resulting in water conservation. This aspect of seasonal dynamics of the water
balance between natural Cerrado and ICLF systems needs to be investigated in more detail
if systems’ sustainability should be assessed, especially since other essential ecosystem
processes related to water availability may have changed. Eucalyptus trees are by far the
most dominant tree species used in ICLF systems, and the potential of other (native) tree
species to be used in ICLF systems appears not to have been fully evaluated yet. However,
by contributing to increased evapotranspiration, Eucalyptus or other trees may directly
compensate for reduced water recycling to the atmosphere that has been reported from
other land use systems established in previous Cerrado areas [5,46]. From this perspective,
integrated systems, including trees, are closer to the natural Cerrado than pasture and other
integrated systems. In view of the serious consequences caused by altered water cycles
because of land use change, ICLF systems should be considered as an additional option to
mitigate previous land use change effects in the context of sustainable intensification.

5. Conclusions

Integrated systems may offer a good alternative to traditional pastures in terms of
soil health and sustainable water management. Trees as components of integrated land
use systems indicate the potential of restoring natural ecosystem functions with regard
to water recycling to the atmosphere and consequentially suggest the possibility of partly
compensating for Cerrado deforestation. However, the complexity of integrated systems
and natural climate variability need further in-depth analysis of seasonal and spatial
soil water dynamics in order to improve our understanding of ecological functions and
processes towards sustainable land use management.
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