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Abstract

Pasture management and mineral fertilization are key factors influencing soil fertility and
pasture yield. However, their effects on the soil properties of Lixisols in the Brazilian
semi-arid region, and their subsequent impact on Urochloa decumbens biomass production,
remain unclear. We compared soil properties between short- and long-term pastures and
evaluated how fertilization affects the growth of U. decumbens. The grass was cultivated in
pots with soil subjected to four treatments: nitrogen (N), phosphorus (P), combined NP
fertilization, and an unfertilized control. We assessed shoot dry biomass, plant responsive-
ness to fertilization, plant N and P concentrations, and the fertilization effect on nutrient
uptake. Long-term managed pasture exhibited higher levels of K*, soil pH, available P,
and total organic carbon, whereas short-term degraded pasture had higher total nitrogen,
Mg?*, H*, AI**, and cation exchange capacity. NP fertilization significantly enhanced U.
decumbens growth in both pasture conditions, resulting in greater shoot dry biomass, higher
responsiveness to fertilization, and improved N and P uptake compared with the control.
In addition, N and P fertilization applied individually promoted the accumulation of their
respective nutrients in plant tissues, with N fertilization resulting in the highest plant N
content and P fertilization resulting in the highest plant P content. Our findings suggest
that (i) short-term degraded pasture management altered soil nutrient status, which may be
associated with changes in nutrient cycling and soil chemical properties, and (ii) adequate
fertilization in short-term degraded pastures can enhance U. decumbens biomass production.

Keywords: Caatinga; mineral N and P fertilization; Urochloa decumbens; plant responsiveness
to fertilization; pasture degradation

1. Introduction

Grassland degradation is a major environmental and agricultural concern in tropical
regions, where declining soil fertility can constrain plant productivity, reduce pasture
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quality, and increase pressure on native ecosystems. In northeastern Brazil, these chal-
lenges are particularly relevant because pasture systems are frequently characterized by
uncontrolled grazing, limited soil-fertility management, and the widespread cultivation
or occurrence of exotic plant species [1]. Among these species, Urochloa decumbens is an
important forage grass used extensively in Brazilian pasture systems. Its widespread use is
associated with its capacity to establish and produce forage under relatively low-fertility
and seasonally dry conditions, which makes it particularly relevant for semi-arid and
degraded pasture systems. However, its productivity and nutritional performance can
decline when soil degradation and nutrient limitations become pronounced, and poorly
managed pastures dominated by exotic grasses may also contribute to pressure on native
vegetation [1]. Thus, U. decumbens represents both an important forage resource and a
useful model for evaluating how changes in soil conditions and nutrient availability affect
pasture productivity. Understanding how pasture management affects soil fertility and,
consequently, the productivity of U. decumbens is therefore essential for assessing degra-
dation processes and developing strategies for sustainable pasture management in the
Brazilian semi-arid region.

Pasture management can substantially modify soil properties and plant productiv-
ity. Appropriate grazing management and fertilization have been shown to improve soil
physical and chemical properties and to promote plant growth, pasture yield, and plant
macronutrient concentrations [2,3]. Conversely, insufficient management may contribute
to soil degradation and the expansion of grassland systems into adjacent natural ecosys-
tems. In the Brazilian semi-arid region, pasture expansion is associated with deforestation,
declining soil fertility, and reduced productivity in degraded or abandoned areas [4,5].
Changes in soil properties, including soil pH and phosphorus (P) availability, may oc-
cur as degradation progresses and can further constrain plant production and ecosystem
recovery [6-8]. However, existing studies have largely emphasized overall differences
in soil fertility or pasture condition, whereas less attention has been given to how soil
properties vary spatially along slope positions within pasture landscapes and how this
spatial variation translates into differences in plant nutrient limitation and fertilization
response [3,5,7]. In particular, soils occupying different positions along a slope may experi-
ence contrasting patterns of erosion, deposition, soil translocation, and exposure of subsoil
material, potentially generating spatially heterogeneous soil conditions even within the
same pasture system. These processes highlight the need to understand the interactions
between land management, soil fertility, spatial heterogeneity, and plant productivity across
heterogeneous landscapes [8].

Soil fertility is strongly influenced by the availability of essential nutrients, particularly
nitrogen (N) and P. Mineral fertilization with N and P can increase productivity in grass-
land ecosystems, and positive responses to these nutrients have been reported for exotic
grasses in semi-desert grasslands of North America and semi-arid grasslands of Africa and
Brazil [9-11]. Nevertheless, these studies do not necessarily lead to the same prediction
for soils subjected to different degrees of pasture degradation. A high concentration of a
nutrient in soil does not necessarily indicate that the nutrient is available to plants at a rate
sufficient to sustain maximum growth, because nutrient availability is also influenced by
soil chemical properties, nutrient interactions, and plant demand [10]. Conversely, a low
concentration may reflect nutrient depletion associated with degradation. Consequently,
the magnitude of the plant response to fertilization cannot be inferred solely from the
concentration of nutrients measured in the soil. The magnitude and direction of plant
responses to nutrient addition may therefore depend on initial soil fertility, nutrient stoi-
chiometry, soil properties, and landscape position. N and P availability can act as important
constraints on plant growth and productivity, but nutrient limitation is not necessarily
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uniform across grassland ecosystems [12]. The specific gap addressed here is whether
differences in soil condition associated with pasture management and slope position are
accompanied by differences in the response of U. decumbens to N and P supplied individ-
ually or in combination. This distinction is important because N or P fertilization may
increase the concentration of the corresponding nutrient in plant tissues without necessarily
producing the same magnitude of response in total biomass production.

These uncertainties are particularly relevant in the Brazilian semi-arid region, where
spatial variation in soil properties and degradation processes may interact with pasture
management to determine plant productivity. The landscape degradation hypothesis pre-
dicts that soil translocation and exposure of less fertile subsoil along slopes can generate
spatial patterns of declining soil quality [4,13]. Under this framework, slope position is not
simply a spatial descriptor but a potential driver of differences in soil fertility and plant
performance. In contrast, the external nutrient sources hypothesis proposes that plant pro-
ductivity may remain nutrient limited despite relatively high nutrient concentrations in soil
when nutrient availability to plants is constrained by other biogeochemical or physiological
processes [9,14]. This perspective provides a complementary explanation for situations
in which soil nutrient concentrations alone do not predict plant productivity or fertiliza-
tion response. Similarly, nutrient-stewardship approaches suggest that balanced nutrient
management, rather than the addition of a single nutrient, may be required to optimize
plant production under degraded conditions [15]. Taken together, these three perspectives
provide a connected framework for the present study: landscape processes may generate
spatial differences in soil properties along slopes; these soil conditions may influence the
extent to which nutrients limit plant growth [10]; and the resulting nutrient limitation
may determine whether N, P, or combined N-P fertilization produces the strongest plant
response [12,13]. Thus, the three perspectives are complementary rather than indepen-
dent: landscape degradation provides a mechanism for generating heterogeneous soil
conditions, the external nutrient sources hypothesis provides a framework for interpreting
plant responses that are not directly predicted by soil nutrient concentrations, and nutrient
stewardship provides a framework for evaluating whether balanced N-P fertilization can
overcome multiple nutrient constraints. These perspectives lead to contrasting predictions
regarding whether degraded soils should exhibit stronger responses to N, P, or combined
N-P fertilization.

The present study was designed to connect field-scale variation in soil properties
with experimentally measured plant responses to nutrient addition. The field component
was used to characterize soil chemical and physical conditions under different pasture-
management histories and along different slope positions, thereby testing whether pasture
management was associated with spatial heterogeneity in soil conditions. The subsequent
controlled microcosm experiment used soils representing these contrasting conditions to
evaluate whether differences in soil status were reflected in the response of U. decumbens to
N and P fertilization. This experimental approach allowed us to distinguish changes in soil
nutrient status from actual plant nutrient limitation and to determine whether the addition
of N, P, or both nutrients resulted in different plant responses.

Against this background, this study investigated the effects of pasture management
on soil chemical and physical properties in Lixisols of the Brazilian semi-arid region and
evaluated how soil fertility influences the productivity of U. decumbens. Specifically, we
addressed three questions: (1) Does short-term pasture management alter soil chemical
and physical properties and their spatial distribution across different slope positions?
We hypothesized that degradation would be associated with unfavorable changes in soil
properties resulting from soil translocation and subsoil exposure across the landscape, as
predicted by the landscape degradation hypothesis [4,13]. (2) Does N and P fertilization,
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applied individually or in combination, increase biomass production and plant nutrient
accumulation of U. decumbens under contrasting soil conditions? Based on the external
nutrient sources hypothesis [9,14], we hypothesized that mineral fertilization would in-
crease plant biomass and nutrient accumulation even when soil nutrient concentrations
were relatively high, because soil nutrient concentration does not necessarily represent
effective nutrient availability to plants. (3) Does the magnitude and nature of the U. de-
cumbens response to N and P fertilization differ between soils obtained from pastures with
contrasting management histories and levels of degradation? We hypothesized that com-
bined N-P fertilization would produce the greatest increase in biomass and overall plant
responsiveness to fertilization, whereas N and P applied individually would primarily
increase the accumulation of their respective nutrients in plant tissues. This prediction
links the fertilization experiment directly to the nutrient-stewardship perspective [15] by
testing whether balanced N-P supply provides a stronger growth response than either nu-
trient applied alone, while recognizing that individual nutrients may nevertheless produce
distinct effects on plant nutrient concentrations.

To address these questions, we combined field characterization of soil chemical and
physical properties in grassland areas subjected to short-term degraded pasture and long-
term pasture management across different slope positions with a controlled glasshouse
microcosm experiment. The field component allowed us to evaluate whether pasture
management was associated with spatial variation in soil fertility and physical condition
along the slope, whereas the microcosm experiment enabled us to isolate the effects of N
and P fertilization on U. decumbens biomass production and nutrient concentrations under
soils representing these contrasting field conditions. By linking spatially structured soil
characterization with a controlled nutrient-addition experiment, the study directly connects
landscape-scale degradation processes with plant-level nutrient responses. Together, these
findings provide insights into the links among pasture management, soil degradation,
spatial soil heterogeneity, nutrient limitation, and forage productivity and contribute to
the development of more effective strategies for maintaining soil fertility and pasture
production in semi-arid environments.

2. Materials and Methods
2.1. Characterization of the Field Experiment

Field sampling was conducted in two adjacent sites within the Vaca Brava hydro-
graphic basin, Remigio, Paraiba, Brazil (Site 1: 06°57'55.9” S, 35°46'14.4” W; and Site 2:
06°57'37.7" S, 35°45'46.7" W). According to the Koppen—-Geiger classification, the region
has an “As” climate type, characterized by a tropical wet and dry climate with a pro-
nounced dry season, an average annual precipitation of 1500 mm, and a mean temperature
of 21 °C [16]. The soil type in both sites was classified as Lixisols [17]. Both study sites
are dominated by Urochloa decumbens (Stapf.) R.D. Webster, a widely used exotic grass for
pasture formation in the Brazilian semi-arid region [18].

The study sites were part of a long-term field experiment established in 2002. At each
site, two areas (Al and A2) representing contrasting pasture management and degradation
conditions were evaluated. Area 1 (Al), designated as the long-term managed pasture
(LMP), had been maintained under controlled grazing and pest management, including
the control of weeds and termites. In contrast, Area 2 (A2), designated as the short-term
degraded pasture (SDP), had been monitored since 2018, before the commencement of the
present study in January 2020. The SDP classification was based on the two-year period
(2018-2020) during which the area exhibited uncontrolled grazing, an absence of pest
management, and a substantial presence of termites and invasive plant species, particularly
Sporobolus indicus. Thus, the two-year period refers to the documented duration of the
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degraded management conditions before the beginning of the present study, rather than the
duration of the long-term field experiment. Neither area had received lime or fertilizer. To
characterize soil chemical and physical properties across the landscape, three topographic
positions (shoulder, backslope, and footslope) were selected within each area [19]. Soil data
were collected from January 2020 to January 2024.

2.2. Experimental Design of the Field Experiment

In each of the two study areas (SDP and LMP), we established three slope positions
(shoulder, backslope, and footslope) and ten 10 m? plots at each slope position, following
Fortin and Dale [20]. Within each plot, twenty soil subsamples were randomly collected
from a depth of 15 cm using a 1 x 1 m sampling grid. The 20 subsamples from each
plot were then combined and thoroughly homogenized to obtain one composite soil
sample representing each plot. This composite sample was subsequently divided into two
portions: a smaller portion was used for soil physicochemical characterization, whereas
the remaining, larger portion was used for the fertilization bioassay. For physicochemical
characterization, the composite soil from each plot was analyzed independently, thereby
preserving the plot as the experimental unit. For the fertilization bioassay, the larger portion
of the homogenized composite soil from each plot was transferred to a 6-kg plastic pot and
used as the soil substrate for the corresponding plot-level treatment. Thus, the soil used
in both the physicochemical analyses and the pot experiment originated from the same
composite sample, with the plot retained as the independent experimental unit.

2.3. Soil Physical and Chemical Characterization

To characterize the soil physicochemically at each plot, we analyzed soil texture, clay
flocculation, bulk density, pH, available phosphorus, exchangeable cations (K*, Na*, Ca?t,
Mg?*, AI**"), active hydrogen (H"), cation exchange capacity (CEC), sodium saturation,
total organic carbon, and total nitrogen at plot level. Soil texture was determined by
particle size analysis of dispersed soil [21]. Clay flocculation was assessed according to
the method described by Black [22], using NaCl to promote clay flocculation, and the
degree of flocculation was determined by comparing the clay content measured under
flocculated and fully dispersed conditions. Bulk density was measured based on soil
weight per unit volume in a metallic cylinder [22]. Soil pH was determined in a 1:2.5
(soil:water) suspension [22]. Available phosphorus was extracted with Mehlich-1 solution
and determined by colorimetry [23]. Exchangeable cations (K*, Na*, Ca?*, Mg?*) were
extracted and analyzed using atomic absorption spectrophotometry for Ca?* and Mg?*,
and a flame photometer for K* and Na* [21]. Exchangeable AI** was determined using
potassium chloride extraction [24]. CEC was calculated as the sum of K*, Na*, CaZ, Mg2+,
H*, and AI** [22], and sodium saturation (%) was determined as (Na*/CEC) x 100 [25].
Total organic carbon was estimated following Okalebo et al. [26]. Total nitrogen was
quantified using Kjeldahl digestion with sulfuric acid and potassium sulfate [22].

2.4. Controlled Fertilization Bioassay

The experimental design of the controlled fertilization bioassay followed a completely
randomized 4 x 3 x 2 factorial structures, accounting for four fertilization treatments
(unfertilized, P addition, N addition, and combined P + N addition), three slope positions
(shoulder, backslope, and footslope), and two pasture management systems (SDP and LMP).
Pots were repositioned periodically throughout the experiment to minimize positional
effects within the glasshouse. Four fertilization treatments were evaluated: unfertilized
control; P addition (25 kg P>,Os5 ha~1); N addition (50 kg N ha~1); and combined P and N
addition (25 kg P,Os ha~! + 50 kg N ha~1!). Fertilization rates were established according
to Cavalcanti et al. [27] and converted to the corresponding amount of fertilizer applied to
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each 6-kg soil pot. The P treatment received [76.9 mg P,Os pot ™!, equivalent to ~150 mg
NaH,PO4-H,O potfl], whereas the N treatment received [153.8 mg N potfl, equivalent to
~726 mg (NH4)2504 pot’l]. The combined treatment received both fertilizer sources at the
corresponding amounts. Thus, fertilizer application was based on the soil quantity and pot
dimensions used in the bioassay. Each fertilization treatment had 10 independent replicates.

The experiment was conducted under controlled glasshouse conditions, with average
temperatures of approximately 28 °C during the day and 20 °C at night. Urochloa decumbens
seeds were surface-sterilized with 10% sodium hypochlorite for 10 min and subsequently
rinsed thoroughly with deionized water. Seeds were germinated in sterilized trays con-
taining sand that had been autoclaved at 121 °C for 20 min on two consecutive days. Seed
germination and seedling emergence occurred in the trays. Seven days after emergence,
seedlings measuring 4-6 cm in height were selected, and 20 healthy, uniformly developed
seedlings were individually transplanted into plastic pots containing 6 kg of field-collected
soil. Thus, the seedlings had already germinated and emerged before transplantation and
were not expected to germinate after being transferred to the pots. Following transplanta-
tion, the plants were maintained under controlled glasshouse conditions and irrigated with
sterilized water as needed for seven months.

The experiment was conducted in a glasshouse-controlled condition under average
temperatures of 28 °C (day) and 20 °C (night). Urochloa decumbens seeds were sterilized in
10% sodium hypochlorite for 10 min, then rinsed thoroughly with deionized water. Seeds
were germinated in sterilized trays filled with sand (autoclaved at 121 °C for 20 min on
two consecutive days). Seven days after emergence, 20 seedlings (4-6 cm in height) were
selected and individually transplanted into plastic pots containing 6 kg of field-collected
soil. Plants were watered with sterilized water as needed during 7 months after planting.

2.5. Assessment of Plant Response to Fertilization and Nutrient Concentrations in
Urochloa decumbens

U. decumbens plants were harvested 7 months after planting. Shoots were cut 5 cm
above the soil surface to simulate herbivory. To estimate shoot dry biomass, the harvested
shoots were oven-dried at 72 °C for 48 h. Plant responsiveness to fertilization (PRF) was
calculated using the dry biomass values from the fertilized treatments and the control,
applying the following formula: PRF = [(Bfertilized — Beontrol)/ Brertilized] X 100, where
Btertilized is the dry biomass of plants in the fertilized treatments, and B  nro is the dry
biomass in the control treatment [28]. A known mass of the dry material was digested in
a 10:1:4 mixture of HNO3:H;SO4:HCl (60%) and then analyzed for plant N concentration
using the Kjeldahl method [23], and plant P concentration was determined using the
vanadate-molybdate colorimetric method [29]. We also calculated the fertilization effect
on plant N (FEN) and P (FEP) concentrations using the following formulas: FE = (N or
Prertilized — N O P Control)/ (N or Prerilizeq + N OF Pcontrol)r where N or Prertilized represents
plant N and P concentrations in fertilized treatments, and N or Pontro) refers to plant N
and P concentrations in the control treatment [28]. The fertilization effect can range from
—1 to +1, with positive values indicating beneficial effects of fertilization on plant N and P
concentrations and negative values indicating detrimental effects [28].

2.6. Statistical Analysis

The Kolmogorov-Smirnov test was used to assess the normality of the soil physic-
ochemical variables. Before conducting the principal component analysis (PCA), the
physicochemical dataset was organized at the plot level, with each plot represented by
a single observation and each measured soil property represented by a variable. The
PCA input matrix was therefore constructed from the plot-level values of the measured
soil physicochemical properties. The variables were standardized to zero mean and unit
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variance prior to PCA to place properties measured on different scales and with different
units on a comparable basis. PCA was then performed on the standardized data using the
correlation matrix to identify the major dimensions of variation and to evaluate similarities
among soil samples based on their physicochemical properties. Principal components were
retained according to their eigenvalues and cumulative proportion of explained variance,
and variable loadings were examined to identify the soil properties contributing most
strongly to each component. A Student’s t-test for independent samples was used to
evaluate differences between long-term managed pasture and short-term degraded pasture
for each soil physicochemical property measured in the field. The plot was considered
the experimental unit for field comparisons. For the fertilization bioassay, each individual
pot containing 6 kg of homogenized soil collected from a given plot was considered the
experimental unit.

One-way ANOVA was used to assess the effect of fertilization treatments on plant dry
biomass, and plant N and P concentrations in U. decumbens from the fertilization bioassay.
Data sets were log10(x) transformed for all variables [30], but results are presented in
their original scale of measurement (mean =+ standard deviation). In the control treatment,
plant response to fertilization (PRF) and fertilization effect (EF) were zero, so these were
excluded from statistical analyses. When appropriate, Tukey’s HSD post hoc comparisons
were conducted. All statistical analyses were performed using SAS 9.1.3 Portable, while
ecological indices and PCA analyses were conducted with MVSP 3.1 [31].

3. Results

3.1. Effects of Pasture Management on Soil Physicochemical Properties in Lixisols from
Brazilian Northeast

Significant differences between the field samples from long-term managed pasture
and short-term degraded pasture were found for soil physical properties across all studied
slope positions (Table 1). Sand (p < 0.01), soil clay flocculation (SCF, p < 0.01), and soil
bulk density (SBD, p < 0.01) were significantly higher in the soil samples from long-term
managed pasture, while silt (p < 0.01) and clay (p < 0.01) were significantly higher in the
soil samples from short-term degraded pasture. In the footslope position, both short-term
and long-term pasture samples showed particularly high sand (p < 0.05), SCF (p < 0.01),
and SBD (p < 0.05) values (Table 1).

For all studied conditions, significant differences in soil pH, available P, soil exchange-
able cations, cation exchange capacity (C.E.C.), sodium saturation (S.S.), total organic carbon
(T.O.C.), and total nitrogen (TN) were observed between the soil samples from long-term man-
aged pasture and short-term degraded pasture (Table 2). The soil pH (p < 0.01), available P
(p <0.01), K* (p < 0.05), Na* (p < 0.05), and S.S. (p < 0.05) were significantly higher in the long-
term managed pasture compared to the short-term degraded pasture soils. In the soil samples
from long-term managed pasture, significant differences were found across slope positions
for available P, soil exchangeable cations, C.E.C., sodium saturation, T.O.C., and TN, except
for soil pH, where no differences were observed between slope positions. The highest values
of available P (1.80 + 0.01 mg kg~'), Na* (0.09 & 0.02 cmol. kg 1), and sodium saturation
(1.95 £ 0.04%) were found in the footslope, while the shoulder samples showed the high-
est Ca®* (1.53 4 0.11 cmol. kg’l) and TO.C. (228 £ 04 ¢ kg’l), and the backslope samples
exhibited the highest K* (0.24 & 0.01 cmol. kg 1), Mg?* (1.13 £ 0.02 cmolc kg 1), H* + AP
(5.50 & 0.22 cmol kg 1), C.E.C. (7.11 + 0.04 cmolc kg 1), and TN (1.61 & 0.05 g kg~ !). In con-
trast, for the short-term degraded pasture, CaZ* (p <0.01), Mngr (p<0.01), H* + AL+ (p <0.01),
CE.C. (p<0.01), TO.C. (p < 0.05), and TN (p < 0.01) were significantly higher compared to
the long-term managed pasture. In the short-term degraded pasture, significant differences
between slope positions were found for all studied soil chemical properties. The highest values
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of soil pH (5.50 £ 0.03), available P (1.10 £ 0.03 mg kg’l), and K* (0.23 £ 0.02 cmolc kg’l)
were found in the footslope, while the backslope samples exhibited the highest Na*

(0.10 4 0.01 cmol. kg~ ') and sodium saturation (1.27 + 0.02%), and the shoulder samples
showed the highest Ca?* (2.16 4 0.14 cmol. kg 1), Mg?* (1.70 & 0.11 cmol. kg~ 1), H* + AI>*
(5.50 4 0.22 cmol. kg 1), C.E.C. (9.55 & 1.09 cmol. kg 1), TO.C. (232 & 0.3 g kg~ 1), and TN
(1.93 + 0.02 g kg~ ') (Table 2).

Table 1. Soil physical properties as influenced by soil pasture management (mean =+ SD).

Sl(.)l.)e Area Sand Silt Clay SCF SBD
Position
gkg™! gem
Should LMP 2 798 4+ 2.53 74 + 4.61 128 +4.00 802 4+ 1.06 1.30 + 0.02
oulder
SDP 629 4+ 1.67 122 +1.72 249 +2.73 725 4 3.45 1.20 + 0.09
t-test 8.13 % 12.03 ** 19.80 ** 7.19* 8.55 **
Backslope LMP 763 £+ 3.86 74 + 5.77 163 £+ 8.12 844 + 2.37 1.24 +0.12
P SDP 733 4+ 9.45 116 £1.12 151 £+ 6.44 662 + 7.87 1.29 + 0.01
t-test 8.00 * 11.01 ** 8.53 ** 13.66 ** 7.99 *
Footslope LMP 837 +5.26 68 + 1.56 95 +7.54 864 +1.92 143 +0.11
P SDP 817 + 6.12 77 + 3.32 106 + 1.83 724 +12.02 1.33 £+ 0.02
t-test 8.35 % 8.94 ** 9.26 ** 11.98 ** 8.01 *
LMP vs. SDP ! 12.34 ** 11.63 ** 16.32 ** 12.65 ** 13.78 **
@ LMP is the long-term managed pasture; SDP is the short-term degraded pasture. Neither area has
received liming or fertilization during the field experiment. SCF: soil clay flocculation; SBD: soil
bulk density. Asterisks indicate statistically significant differences between the studied areas in the
physical soil properties (unpaired t-test, * for p < 0.05 and ** for p < 0.01), ! Independent sample ¢-test
comparing LMP x SDP soil groups.
Table 2. Soil chemical properties as influenced by soil pasture management (mean =+ SD).
i Shoulder Backslope Footslope
Soil Property t-Test t-Test t-Test LMP vs. SDP 2
LMP 2 SDP LMP SDP LMP SDP
. .60 £+ 30 £+ 11. 50 £+ 40 + .60 + 50 +
Soil pH (H,O) 5584 5583 **90 5581 50.82 8.33 % 5(?82 5583 8.21* 10.20 **
. _ 1.30 + 0.80 £ 15.13 1.00 040 + 10.01 1.80 + 1.10 &+ 9.98 o
Available P (mg kg™") 0.09 0.02 o 0.02 0.05 * 0.01 0.03 * 1132
0.22 + 0.14 £+ 024 + 0.17 £ 0.21 £ 0.23 + 6.99
K (emole kg ™) 0.02 003 S om 002 8177 oo 0.02 ns 8.257
.08 + .05 + .08 + 10 + 7.01 .09 + .06 +
Na* (cmolc kg ) 008 F OB E sae O 010 R - 8.21*
o 1 153 + 2.16 £ 14.23 1.26 + 1.90 + 8.98 1.16 £ 1.38 + 7.12 o
Ca™ (emole kg™) 0.11 0.14 - 0.02 0.04 e 0.02 0.03 ns 9:38
_ 1.12 £+ 1.70 £+ 9.38 1.13 + 1.35 + . 0.95 + 1.06 £ 7.21 x
Mg?* (emole kg™") 0.02 0.11 » 0.02 0o 12 0.01 0.02 ns 9.01
3.70 + 5.50 + 16.55 4.40 + 4.30 + 1.12 2.20 + 3.70 + 9.53
H* + AP* (emole kg ™) 031 0.22 e 0.06 0.05 s 0.05 0.03 » 803
6.65 + 9.55 + 15.83 711 + 7.82 + 4.61 + 6.43 + 10.23
CEC (emole kg™) 0.53 1.09 e 0.04 002 827 g10 0.02 - 87
o 1.21 + 0.52 £ 16.21 1.12 + 1.27 + 2.12 195+ 0.93 + 9.26 .
5.5. (%) 0.10 0.05 ** 0.01 0.02 ns 0.04 0.03 ** 8.21
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Table 2. Cont.

Soil Property

Shoulder Backslope Footslope
t-Test t-Test t-Test ~ LMP vs. SDP 2

LMP 2 SDP LMP SDP LMP SDP

TO.C.(g kgfl)

228 £ 232 + 6.05 225+ 192 + 11.12 21.1 + 16.2 £ 12.45
0.4 0.3 ns 0.2

%
0.1 ** 0.1 0.2 ** 1233

TN (gkg ™)

1.52 + 1.93 + 8.91 1.61 £ 1.74 + 141+ 1.24 £ 11.31 %

8.33* 8.21*

0.01 0.02 * 0.05 0.01 0.03 0.02

3 LMP is the long-term managed pasture; SDP is the short-term degraded pasture. Neither area has
received liming or fertilization. 1 C.E.C.: cation exchange capacity (cmolc kgfl) ; S.S. (%): sodium
saturation. Asterisks indicate statistically significant differences between the studied areas in the
soil properties (unpaired ¢-test, * for p < 0.05 and ** for p < 0.01), “ns” for non-statistical significant
differences; 2 Independent sample t-test comparing LMP x SDP soil groups.

The principal component analysis (PCA) revealed a distinct cluster for the long-term
managed pasture, while a clear separation based on slope positions was observed for the
short-term degraded pasture (Figure 1). PCA further indicated that long-term managed
pastures, across all studied slope positions, were strongly correlated with higher levels of
exchangeable K, soil pH, available P, soil clay flocculation, and total organic carbon (TOC).
In contrast, short-term degraded pasture from the footslope position showed a correlation
with higher total nitrogen (TN), exchangeable Mg, H* + AI**, clay content, and cation
exchange capacity (C.E.C.) (Figure 1). Sodium saturation, soil bulk density, available P, total
organic carbon, cation exchange capacity, clay, silt, and exchangeable Ca and K were the
primary factors distinguishing the long-term managed pasture and short-term degraded
pasture. The two principal components explained 83.46% of the variation observed in the
samples (Figure 1).

1.5
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0.0
l

PC2 (12.54 %)

0.5
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e
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dengjy,

Sodium saturation (%)

ot
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5O
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[
o
()
4

PC1 (70.92 %)

Figure 1. PCA score plot of soil properties for the studied sites. Al refers to LMP, A2 refers to SDP.
The points represent samples from each plot by pasture management and slope positions. SCF soil
clay flocculation, C.E.C. cation exchange capacity, TOC total organic carbon, and TN total nitrogen.

3.2. Impact of Nitrogen and Phosphorus Fertilization on Plant Response and Nutrient
Concentrations in Urochloa decumbens: A Controlled Experiment Bioassay

Mineral fertilization (i.e., N, P, and NP interactions) significantly influenced shoot
dry biomass across all treatments (F = 12.78, p < 0.0001). In the shoulder position of the
short-term pasture, no differences were observed between the control, N, and P fertilization
treatments in terms of shoot dry biomass, whereas NP fertilization had a significantly
positive effect. For the other treatments, both N and P fertilization positively affected shoot
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dry biomass, with the highest values observed under NP fertilization (Figure 2a). Plant
responsiveness to fertilization varied significantly across pasture type, mineral fertilization,
and slope position treatments (F = 15.21, p < 0.0001). In both the long-term degraded pasture
and short-term managed pastures, NP fertilization resulted in higher plant responsiveness
compared to N and P fertilization treatments (p < 0.05). However, in the long-term degraded
pasture, P fertilization had a negative effect on plant responsiveness (p < 0.05; Figure 2b).

OControl @N mP ONP (a)
60
T 50
g b
a.
20 40
2 C
< d c
g dd d ddd 'I' d 4
) £ e
-
S | f f f
- g g
2 h
7
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Shoulder  Backslope Footslope  Shoulder  Backslope Footslope
Short-term degraded pasture ~ Long-term managed pasture
@N mP ONP (b)
—~ 80
!
g a
'% 60 E3 '?'
S b
e b b
E b b
s 40
7 ¢ ¢
L
Y
z d
2
. i f
E
Al Shoulder Backslope Footslope Shoulder Backslope Footslope

Short-term degraded pasture  Long-term managed pasture

Figure 2. (a) Shoot dry biomass (g plantfl). (b) Plant responsiveness to fertilization (%) for Urochloa
decumbens growing in soil fertilized with NP (mineral N and P fertilization); N (N fertilization); P
(P fertilization); and control (unfertilized). Values are mean and standard deviation of the mean.
Different letters indicate significant differences after Tukey’s HSD post hoc test (p < 0.05) between
mineral fertilization treatments for each studied treatment.

Significant differences in plant P content were observed between mineral fertiliza-
tion treatments for both long-term managed pasture and short-term degraded pastures
(F=10.22, p < 0.0001). No significant differences in plant P content were found between
the control and mineral fertilization treatments. Analysis of the fertilization effect on plant
P concentration, considering pasture management and slope position, revealed that both
long- and short-term pastures experienced significant positive effects (F = 15.21, p < 0.0001)
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when grown with P fertilization, while negative effects were observed when grown with N
fertilization (Figure 3a,b).

BControl BN WP ONP (a)

b
b b b
- c
d
Ce ¢ f d
1 gg
o LLI |

Shoulder  Backslope Footslope  Shoulder Backslope Footslope
Short-term degraded pasture ~ Long-term managed pasture

Ho.
o,
o

Plant P content (g kg™")

EN mP oNP

0.50
o)
b

b b b
0.25 b b
C C I

d d

0.00 d ﬁ & f ﬁ %

Shoulder Backslope Footslope  Shoulder Backslope Footslope
Short-term degraded pasture ~ Long-term managed pasture

[

e

Fertilization effect on plant P
concentrations

Figure 3. (a) Plant P content (g kgfl). (b) Fertilization effect on plant P concentration for Urochloa
decumbens growing in soil fertilized with NP (mineral N and P fertilization); N (N fertilization); P
(P fertilization); and control (unfertilized). Values are mean and standard deviation of the mean.
Different letters indicate significant differences after Tukey’s HSD post hoc test (p < 0.05) between
mineral fertilization treatments for each studied treatment.

Significant differences were observed in plant nitrogen content (F = 13.44, p < 0.0001)
and the fertilization effect on plant N concentrations (F = 16.02, p < 0.0001) between long-
and short-term pastures (Figure 4a,b). In long-term pastures, plant nitrogen content was
significantly reduced under non-fertilization (control) and mineral fertilization treatments
(e.g., N and NP fertilization). In contrast, N fertilization significantly increased plant
nitrogen content (Figure 4a). The fertilization effect on plant N concentrations was signifi-
cantly reduced under both mineral P and NP fertilization treatments, while N fertilization
significantly enhanced the fertilization effect on plant N concentrations (Figure 4b).
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Figure 4. (a) Plant N content (g kgfl). (b) Fertilization effect on plant N concentrations (%) for Urochloa
decumbens growing in soil fertilized with NP (mineral N and P fertilization); N (N fertilization); P
(P fertilization); and control (unfertilized). Values are mean and standard deviation of the mean.
Different letters indicate significant differences after Tukey’s HSD post hoc test (p < 0.05) between
mineral fertilization treatments for each studied treatment.

4. Discussion

4.1. Effects of Pasture Management on Soil Physicochemical Properties in Lixisols from the
Brazilian Northeast

The differences observed between the long-term managed pasture (LMP) and short-
term degraded pasture (SDP) indicate that contrasting management histories were associ-
ated with changes in multiple soil physical and chemical attributes [32]. Similar effects of
land-use and management changes on soil texture, bulk density, pH, organic carbon, and
nutrient availability have been reported in other soil systems [33-35]. In addition, changes
in soil aggregation and surface-soil properties under pasture management have been docu-
mented, highlighting the sensitivity of soil physical structure to management history [36].
Thus, the differences between LMP and SDP should be interpreted as a multidimensional

https://doi.org/10.3390 /agronomy16202042


https://doi.org/10.3390/agronomy16202042

Agronomy 2026, 16, 2042

13 of 19

response involving several interacting soil attributes rather than as changes in a single
indicator of degradation.

The higher sand content, bulk density, and clay flocculation observed under LMP,
together with the higher clay and silt contents detected under SDP, demonstrate differences
in the physical characteristics of the soils under the two management histories [33]. How-
ever, these results should not be interpreted as direct evidence of sediment loss or erosion,
because sediment transport was not quantified in the present study. Likewise, higher bulk
density does not necessarily indicate greater degradation in isolation, since this property
is influenced by particle-size distribution, organic matter content, aggregation, and man-
agement conditions [34]. Previous studies have similarly emphasized the importance of
considering multiple physical properties when evaluating changes in soil structure and
compaction [35,36]. Therefore, the observed differences indicate contrasting soil physical
conditions but do not allow the specific processes responsible for these differences to be
directly established.

The higher soil pH and greater availability of P and exchangeable K observed in
LMP suggest more favorable conditions for nutrient availability under this management
history. Nutrient cycling is an important component of pasture functioning, with N, P, and
K dynamics being closely associated with plant production and nutrient redistribution
within pasture systems [37]. Nevertheless, because no fertilizer or amendment was applied
during the period evaluated in the present study, the observed differences cannot be
directly attributed to recent fertilizer inputs [38]. Instead, they indicate differences in the
accumulated soil fertility status associated with the contrasting management histories [39].
These results are consistent with evidence that pasture management and nutrient inputs
can modify soil fertility and nutrient cycling [37,40].

The greater total organic carbon and total nitrogen contents observed in SDP should
also be interpreted cautiously [33,35,38]. Although these differences indicate contrasting
soil nutrient pools, they do not demonstrate greater carbon stabilization, reduced decompo-
sition, or enhanced microbial activity because these processes were not directly measured.
Soil organic carbon responses to pasture management can vary according to pasture species,
pasture age, and environmental conditions, and increases in soil carbon stocks have also
been reported under managed pasture intensification [34,35,41]. Therefore, the higher car-
bon and nitrogen contents observed in SDP should be considered differences in measured
soil pools rather than direct evidence of a particular carbon or nitrogen cycling mechanism.

The fertilization bioassay provided additional evidence that nutrient availability dif-
fered between the management histories. The growth response of Urochloa decumbens
was more pronounced under combined N and P addition, particularly in soil from SDP,
indicating that simultaneous availability of these nutrients can substantially affect plant
performance. Previous studies have demonstrated that N and P availability can influence
grass nutrient stoichiometry, forage production, and soil quality in managed grassland sys-
tems [39,40], while broader assessments of pasture nutrient cycling have also emphasized
the importance of N and P in regulating plant productivity [37]. The stronger response
to combined N and P addition in SDP may therefore indicate a greater limitation of plant
growth by nutrient availability under this management history. However, this interpre-
tation should not be taken to mean that SDP was uniformly nutrient depleted, because
total soil nutrient pools and plant-available nutrient fractions represent different aspects of
soil fertility.

The response of U. decumbens to fertilization is also consistent with previous observa-
tions that fertilization management can modify structural and anatomical characteristics
of Urochloa plants [41-43]. In the present study, however, the bioassay was used primarily
to evaluate plant responses to nutrient additions rather than to identify the physiological
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mechanisms underlying these responses. Thus, the results support the interpretation that
nutrient availability contributed to differences in plant performance between soils from
LMP and SDP, while the specific physiological pathways responsible for these responses
remain beyond the scope of the present study.

Overall, the results indicate that pasture degradation was associated with a multidi-
mensional alteration of soil physical and chemical properties and with a different plant
response to nutrient supplementation. The observed differences in clay and silt contents
are compatible with possible differences in particle redistribution or retention, but sed-
iment loss was not measured and therefore cannot be inferred directly [33]. Similarly,
nutrient leaching was not quantified, and the present data do not permit its magnitude
or contribution to the observed differences to be established. These processes should
therefore be regarded as potential explanations requiring direct investigation rather than as
demonstrated mechanisms. Future studies combining measurements of sediment transport,
nutrient leaching, soil nutrient availability, and temporal changes in soil properties would
help clarify the processes responsible for the divergence between managed and degraded
pasture systems.

4.2. Impact of Nitrogen and Phosphorus Fertilization on Plant Response and Nutrient
Concentrations in Urochloa decumbens: A Controlled Bioassay

The results demonstrate that pasture management history and slope position jointly
influenced soil properties and the response of Urochloa decumbens to nutrient addition,
supporting the landscape degradation hypothesis [8,13]. However, the most relevant
finding was not simply the greater biomass response to fertilization in degraded pasture
but the contrasting relationship between soil nutrient pools and plant nutrient status. In
particular, the occurrence of relatively high total soil nitrogen alongside reduced plant N
concentration indicates that total soil N did not necessarily translate into an adequate N
supply to plants. Total soil N comprises organic and inorganic forms with different degrees
of availability and therefore represents a nutrient pool rather than a direct measure of
plant-available N [8,33,40]. Consequently, the observed N limitation may reflect restricted
N availability or synchronization between N release and plant demand rather than a simple
depletion of total soil N [41,42]. This distinction is important when interpreting soil fertility
in degraded pasture systems.

The response of U. decumbens to fertilization varied among slope positions and nutrient
combinations. At the shoulder position of the short-term pasture, N or P applied individu-
ally did not significantly increase shoot dry biomass, whereas combined NP fertilization
produced a significant increase [40]. At other slope positions, N and P additions increased
biomass, with the greatest response generally occurring under NP fertilization. This pattern
indicates that plant growth was not controlled by a single nutrient across the landscape [43].
Instead, the stronger response to combined N and P suggests that simultaneous limita-
tions can occur and that supplying only one nutrient may be insufficient to overcome the
constraints imposed by the prevailing soil conditions [44]. Similar responses to N and
P availability have been reported in managed grasslands, where nutrient additions can
modify plant production and nutrient stoichiometry [38—40].

The greater response to NP fertilization in the short-term degraded pasture is particu-
larly relevant because it indicates that nutrient limitation was more readily expressed when
plants were exposed to degraded soil conditions [45]. The lower plant N concentration
observed under several fertilization treatments, together with the positive response to N
addition when N was supplied alone [46], suggests that the capacity of the soil to provide
N to plants was an important constraint. Importantly, however, this pattern should not be
interpreted as evidence that total soil N was depleted. Rather, the contrast between soil
total N and plant N indicates that the size of the total N pool and its availability to plants
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were not equivalent. Differences in N mineralization, immobilization, nutrient retention, or
synchronization between nutrient release and plant demand could potentially contribute to
this discrepancy, but these processes were not directly measured in the present study. Thus,
they should be considered plausible explanations rather than demonstrated mechanisms.

The plant P response further emphasizes the importance of nutrient interactions.
Significant differences in plant P concentration among fertilization treatments indicate that
P availability contributed to plant nutritional status and biomass production [45]. However,
the contrasting responses to N and P additions indicate that nutrient supply cannot be
evaluated independently for each element. Changes in the availability of one nutrient
may alter plant demand for, or acquisition of, another, particularly when nutrient ratios
are unbalanced [39,47]. The greater biomass response to NP than to either nutrient alone
therefore provides stronger evidence for combined nutrient limitation than for an isolated
N or P deficiency. This interpretation is also consistent with studies showing that balanced
N and P supply can improve forage production and soil quality in managed grasslands [40].

The differences among slope positions should likewise be interpreted cautiously. The
absence of a biomass response to N or P alone at the shoulder position of the short-term
pasture may be compatible with differences in soil redistribution and nutrient availability
along the slope [42,43], but the present study did not directly quantify soil translocation,
erosion, or nutrient fluxes. Therefore, erosion and nutrient redistribution cannot be estab-
lished as the causes of the observed spatial pattern. The results instead demonstrate that
slope position modified the soil-plant response to fertilization and that local soil conditions
can influence the effectiveness of nutrient inputs [48].

From a management perspective, these findings indicate that fertilizer recommenda-
tions based exclusively on total soil nutrient concentrations may not adequately reflect
plant nutrient requirements. Nutrient management should consider nutrient availability,
plant response, slope position, and the balance between N and P rather than focusing on the
addition of a single nutrient. In degraded pasture, combined and appropriately balanced
nutrient inputs may be more effective for recovering plant productivity than isolated appli-
cations, particularly where simultaneous nutrient limitations occur [37,40]. At the same
time, fertilizer management should be based on soil testing and site-specific requirements
to avoid unnecessary nutrient inputs and potential nutrient losses. Maintaining adequate
pasture cover and reducing management practices that accelerate soil degradation are also
important complementary measures for sustaining soil fertility and plant productivity.

Several limitations should be considered when interpreting these results. The experi-
ment evaluated plant responses in a controlled fertilization bioassay and therefore does not
directly reproduce the full range of processes operating under field conditions. In addition,
nutrient leaching, erosion, sediment transport, N mineralization, microbial immobilization,
and temporal changes in plant-available N and P were not directly measured. The study
therefore cannot establish whether these processes caused the observed differences in plant
nutrient status or biomass. Future field-based studies incorporating measurements of
mineral N, available P, nutrient fluxes, erosion or sediment redistribution, and temporal
changes in soil and plant nutrient pools would help identify the processes responsible for
the contrasting responses observed among management histories and slope positions.

5. Conclusions

This study demonstrates that contrasting pasture management histories were associ-
ated with significant differences in the physicochemical properties of Lixisols across slope
positions in the Brazilian Northeast. Long-term managed pasture (A1) was characterized
by higher soil pH, available phosphorus, and exchangeable potassium, indicating a more
favorable soil fertility status for plant production with respect to these properties. In
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contrast, short-term unmanaged/degraded pasture (A2) exhibited higher clay and silt
contents, as well as greater total organic carbon and total nitrogen. These differences
indicate contrasting soil nutrient pools and physical conditions but do not, by themselves,
demonstrate specific processes such as erosion, nutrient leaching, or altered nutrient cy-
cling. The fertilization bioassay further demonstrated that Urochloa decumbens responded
most strongly to combined N and P addition, particularly in A2, indicating that plant
productivity may be constrained by multiple nutrient limitations rather than by a single
nutrient alone. These responses, however, should be interpreted within the context of
the controlled pot-experiment conditions and should not be directly extrapolated to field
conditions. The contrast between relatively high soil total N and reduced plant N under
some treatments also highlights that total soil nutrient pools do not necessarily reflect
nutrient availability to plants. Under field conditions, plant responses to fertilization may
differ because of spatial variability in soil properties, root exploration, water availability,
microbial interactions, and nutrient dynamics. Consequently, the bioassay identifies po-
tential nutrient limitations but does not establish their magnitude or persistence under
field conditions or predict long-term forage productivity. These findings emphasize the
importance of evaluating soil fertility using both soil properties and plant responses when
assessing degraded pasture systems. The results support the adoption of site-specific and
balanced nutrient management, particularly with respect to N and P supply, as a potential
strategy for improving plant growth, although field validation is required before these
findings can be translated into specific fertilizer recommendations. Field experiments
conducted under realistic grazing and pasture-management conditions, with repeated
measurements of plant productivity and nutrient availability, are needed to determine
whether the observed fertilization responses persist under field conditions and to establish
their agronomic relevance. The results also support the consideration of management
practices that maintain soil cover and reduce further degradation. However, direct mea-
surements of nutrient availability, nutrient fluxes, erosion, sediment redistribution, and
leaching are needed to identify the processes responsible for the observed differences
among management histories and slope positions. Such approaches would improve the
development of sustainable pasture-management strategies for maintaining soil fertility
and forage productivity in tropical environments.
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