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Abstract: In savanna ecosystems, the seasonal effects of nitrogen forms and availability, as well
as their utilization by plants, influence the abundance and distribution of herbaceous species in
grassland communities. This study examines seasonal effects on nitrogen availability and utilization
by native grass species in the Cerrado, a savanna ecosystem in Brazil. Ammonium and nitrate levels
in soil, nitrate acquisition and transport, and Nitrate Reductase Activity (NRA) in different plant
parts during dry and wet periods were assessed. Results indicated higher soil nitrate availability
during the wet period, influenced by precipitation, with leaves showing a higher nitrate content
compared to roots. There was seasonal modulation in nitrate reduction, with leaves being the primary
site during the dry period and roots during the wet period. The studied grass species exhibited
heterogeneous responses to seasonal nitrogen availability, potentially affecting community abundance
patterns. Findings suggest that edaphoclimatic seasonality plays a crucial role in nitrogen distribution
and utilization capacity by grass plants in the Cerrado, contributing to the understanding of these
ecosystems’ ecology.
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1. Introduction

Nitrogen (N) is an essential nutrient and is often a limiting factor for plant growth both
in natural and cultivated landscapes [1]. This element is present in soil in organic forms,
such as humic substances and amino acids, as well as in inorganic forms, including nitrate
(NO3

−) and ammonium (NH4
+), which can be preferentially absorbed and assimilated by

vegetation due to their high soil concentration and play a fundamental role in soil structure
and fertility, contributing to nutrient availability for plants [2–6]. Plants can use different N
forms, isolated or in combination, favoring biomass production and accumulation [7–9].
The NO3

− and NH4
+ availability for plant assimilation is directly related to the soil's

physical, chemical, and biological attributes, as well as its water saturation levels [10]. Total
N content tends to be low on old soil exposed to millions of years of weathering [11], like
the soils in tropical regions of Brazil.

Cerrado soils are naturally acidic (pH < 5.0) and have low N availability [12,13],
prevailing high NH4

+ concentrations up to eleven times higher than NO3
− levels [14].

When NH4
+ concentration is high in the soil, plants can absorb it passively through the

roots [15], promoting rhizosphere acidification through H+ leakage, favoring phosphorus
capture by the roots [16], and reducing aluminum toxicity [17]. The absorbed NH4

+ can be
converted locally on the roots or transported to the leaves, where it can be converted to
amino acids [15,18].
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On calcareous (pH > 6.0) and well-aerated soils, like the ones in Mediterranean ecosys-
tems [19], NO3

− is the main inorganic N form available. Nitrate is highly soluble, being
easily mobilized for the roots by mass flux and diffusion when water is available [20].
Nitrate can be assimilated on roots or transported via xylem, being accumulated or assimi-
lated on the aerial parts [15,20,21]. To be assimilated, NO3

− must be converted to NO2
−

by Nitrate Reductase (NR), an enzyme present in the cytosol, which is then converted
to NH4

+ by Nitrite Reductase (NiR) on chloroplasts and plastids [15,18]. Nitrate's high
solubility favors its soil percolation, increasing its concentration in deep soil layers far from
the superficial roots [22].

Because there are different energetic costs for NO3
− or NH4

+ absorption and assim-
ilation [18,23,24], these processes are fine-regulated according to each available N form
in the soil, its concentration inside the plant, and the availability of energy and carbon
skeletons for amino acid production [15]. Nitrate Reductase Activity (NRA) is favored by
the presence of light and substrate for reduction (NO3

−) [25]. Ammonium assimilation
is also promoted by the presence of light and sugars from photosynthesis [26]. Since
water presence is essential both for NO3

− uptake [20] and for the good function of the
photosynthetic system [27], plant and soil hydraulic states can influence N absorption and
assimilation, mainly for NO3

−.
Soil fertilization in natural communities tends to increase local productivity [1,28]

but can lead to species loss [28,29]. Changes in NH4
+ and NO3

− soil availability can
alter the competitive balance between species [6,30,31], favoring biological invasions and
the dominance of undesired species in the community [32,33]. Additionally, the loss of
plant diversity, along with an increase in nitrogen concentration, can lead to greater NO3

−

percolation, contaminating water sheets and streams close to the affected community [22].
Plants' evolutionary history can also influence their ability to assimilate different

nitrogen forms. Studies have evaluated relations between NRA and the vegetation in
which one species occurs [34], its successional stage [5,35–39], below-ground functional
traits [19], and its habit and capacity to fix nitrogen [21]. These papers suggest that
NO3

− reduction is higher on aerial parts of plants, with a high leaf NRA activity on
dicotyledonous, herbaceous, heliophiles, and pioneering plants [21]. Despite this, none
of these studies measure NRA on Cerrado’s native grasses, one of the most species-rich
groups of open savannas.

Hence, the main goal of this study is to characterize nitrogen availability and its use
by Cerrado’s native grasses, as well as to check for a climatic seasonality effect on nitrogen
presence and use by native grasses. We also evaluated if there is an association between
nitrogen use abilities and grass abundance in a natural grassland community. To access
this information, we studied seven native grass species on their nitrate assimilation and
content on roots and leaves over the dry and wet seasons. By studying these relationships,
we intend to expand our knowledge of Cerrado’s native grass ecophysiology and its effects
on grassland community assemblage.

2. Material and Methods
2.1. Study Site and Data Collection

Our study was conducted at Juquery State Park (PEJY), a 2058 ha conservation unit cov-
ered with Atlantic Forest and grasslands, located at Franco da Rocha, São Paulo metropoli-
tan region, Brazil. PEJY is located between 730 and 950 m above sea level, with a mean
annual precipitation between 1200 and 2000 mm and a mean temperature range between
20 and 21 ◦C [40], with a Cfb Köppen–Geiger climate [41]. No rainfall was recorded during
the dry period in the two weeks leading up to the collections, while the accumulated
precipitation during the wet period totaled 137.9 mm (Figure 1). PEJY is the last grassland
remnant of the original vegetation cover in the Sao Paulo metropolitan region, with an
extremely rich and diverse plant community [42].
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 Echinolaena inflexa (Poir.) Chase Ei C3 4.62 25.09 29.71 

PP: photosynthetic path; RF: relative frequency; RC: relative cover; IV: importance value. 

For each species, we collected five full-grown specimens out of the reproductive 
period for the dry season (27 September 2017) and five for the wet season (11 January 2018) 
(Figure 1). Individuals were extracted between 6:00 and 9:00 a.m. with their soil bulk 
attached to the roots. Samples were chilled in thermal cases with ice for transportation to 
the lab. 
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Local temperature, rainfall, and air relative humidity were obtained by a WatchDog® 
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Figure 1. Climatic diagram of Juquery State Park between 7 August 2017 and 26 April 2018. Roman nu-
merals (I, II, and IV) indicate the week of the corresponding month’s values. Black arrow = collection
during the dry period. Gray arrow = collection during the wet period.

The plant and soil collection site is a flat hilltop, 810 m above sea level, within a 50 m
radius of the coordinates 23◦20′54.5′′ S, 46◦42′19.3′′ O. This site has a homogeneous grass-
land cover, with herbaceous and sub-shrub species prevailing over a red–yellow/yellow
argisol with the presence of philites and metasiltites [43,44].

We selected seven grass species (Table 1) with high or low abundance at the PEJY grass-
lands based on their community importance value (IV), which is a sum of their frequency
(the number of plots the species occurred divided by the total number of plots × 100) and
coverage (the sum of the canopy area of all individuals of a species divided by the total
canopy area × 100) [45].

Table 1. Selected Poaceae species from PEJY were used for nitrogen use characterization.

Tribe Species Acronym PP RF RC IV

Aristideae Aristida jubata (Arechav.) Herter Aj C4 0.24 0.18 0.42
Aristida recurvata Kunth Ar C4 2.89 0.67 3.56

Arundinelleae Tristachya leiostachya Nees Tl C4 4.05 8.21 12.26
Paniceae Anthaenantia lanata (Kunth) Benth. Al C4 4.62 7.56 12.18

Axonopus pressus (Nees ex Steud.) Parodi Ap C4 2.89 4.30 7.19
Axonopus siccus (Nees) Kuhlm. As C4 3.47 8.06 11.53
Echinolaena inflexa (Poir.) Chase Ei C3 4.62 25.09 29.71

PP: photosynthetic path; RF: relative frequency; RC: relative cover; IV: importance value.

For each species, we collected five full-grown specimens out of the reproductive
period for the dry season (27 September 2017) and five for the wet season (11 January 2018)
(Figure 1). Individuals were extracted between 6:00 and 9:00 a.m. with their soil bulk
attached to the roots. Samples were chilled in thermal cases with ice for transportation to
the lab.

2.2. Edaphoclimatic Characterization

Local temperature, rainfall, and air relative humidity were obtained by a WatchDog®

2000 (Spectrum Technologies, Aurora, CO, USA) climatic station located at PEJY’s visitors
center (data ceded by Meirelles, S. T.). We characterized the local climate at the moment of
plant and soil collection based on these data.
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Soil nitrate, calcium, and potassium content at the rhizosphere were determined
using Horiba® LaquaTwin (Singapore) sensors, both in dry (7 samples—one for each
species) and wet (35 samples—five for each species) seasons. Measures of pH (on water
solution—pHH2O, and on soil solution—pHss) and conductivity were made with portable
PeakTech® (PeakTech Prüf, Ahrensburg, Germany) sensors. To determine soil ammo-
nium content, we used the phenol methodology [46], measured by spectrophotometry
(λ = 625 nm). Absorbance values were converted to mg g−1 of fresh weight (FW) via one
NH4Cl calibration curve.

Soil chemical fertility at the studied site was characterized through one compound
soil sample for each plot of the superficial soil layer (0–10 cm depth), where most of the
nutrients are located. This approach ensured a representative evaluation of soil fertility
across the study area while minimizing variability within plots. This soil analysis was
made by the Agronomical Institute of Campinas (IAC).

2.3. Plant Nitrogen Analysis

The determination of Nitrate Reductase (NADH) enzyme activity (ANR NRA—EC
1.7.1.1) was evaluated in vivo in leaves and roots following the method used by [47,48].
Plants were washed and chopped into pieces smaller than 1 cm. Fresh subsamples of leaves
and roots from each specimen were used. These samples were separated into replicates
of 0.1 g aliquots of fresh material and transferred to test tubes. The samples were then
dark vacuum-incubated in a buffer solution (KH2PO4 0.05 M, pH = 7.5; 30 ◦C for 60 min)
containing 1% (v/v) 1-propanol and 0.1 M KNO3. After incubation, the assay mixture
was analyzed for nitrite formation using the Saltzman method [49]. A total of 1 mL of
mM sulfanilamide and 1 mL of mM n-naphtylethylenediaminedihidrochloric solution
were added to 1 mL of the assay mixture, and the induced azo dye was determined by
spectrophotometry (λ = 540 nm) (Varian Cary® 50 UV–Vis spectrophotometer, Agilent
Technologies, Inc., Santa Clara, CA, USA). The absorbance readings were then converted
to pkat g−1FW (fresh weight), considering the incubation time, the concentration of the
reagents, and the amount of plant material used.

For the determination of N–NO3
− content, fresh leaf and root material prepared in

MCW solution (methanol, chloroform, and water, in the ratio 12:5:3 v/v) were used, kept
for 24 h at room temperature, and then stored in a freezer for later analysis, as described
by [50]. N–NO3

− content was determined using the salicylic acid nitration method [51]
with spectrophotometer readings (λ = 410 nm) and conversion of the absorbance value to
mg g−1 FW from a calibration curve with KNO3 solution.

2.4. Statistical Data Analysis

After checking the normality and homoscedasticity of the data by Shapiro–Wilk
and Levene tests, respectively, tests were performed for comparisons between periods
(dry and wet), compartments (leaf and root), and their interactions. For normal data, an
ANOVA with Tukey’s a posteriori test was used. When the assumptions of normality
and homoscedasticity were not met, Kruskal–Wallis and Scheirer–Ray–Hare’s H test, a
nonparametric 2-factor analysis of variance [52], with Mann–Whitney’s a posteriori test,
was applied. These analyses were performed in the virtual environment R [53], considering
significance level α = 0.05, with the packages provided by Mangiafico S. S. (2016).

Principal component analyses (PCA) were performed in PAST v3.13 software [54] to
better understand the relationships among species based on nitrogen availability and use,
evaluated by the correlation matrix after data normalization [52].

3. Results
3.1. Edaphoclimatic Characterization

It was possible to identify a dry period between August and October and a rainy period
between October and April (Figure 1), highlighting that field samplings were conducted
at representative moments of the region’s seasonal climate. In the fortnights preceding



Nitrogen 2024, 5 377

the collections, no rainfall was recorded during the dry period, and the accumulated
precipitation during the wet period amounted to 137.9 mm.

Based on the provided data, relative frequency (RF) and relative cover (RC) are
important measures in understanding the distribution and significance of species within
a campo sujo environment (PEJY). For instance, the species Echinolaena inflexa, belonging
to the tribe Paniceae, exhibits a high RC of 25.09 and an even more significant RF of 4.62,
indicating not only frequent occurrence but also considerable coverage within the studied
campo sujo.

The soil chemical fertility results showed low organic matter content (O.M. = 24 g/dm3), low
phosphorus concentration (p = 2 mg/dm3), and high iron concentration (Fe =64 mg/dm3) [55].
The potential acidity (H+Al) was 36 mmolc/dm3, the sum of bases (S.B.) was 11.4 mmolc/dm3,
the cation exchange capacity (C.E.C.) was 47.4 mmolc/dm3, and the base saturation (V)
was 24%, indicating an oligotrophic character for the soils in the study area.

The soil samples in the rhizosphere of the studied individuals showed an acidic charac-
ter (pHH2O < 4), with low Ca2+ and medium–low K+ concentrations (Table 2). Ammonium
content was higher than nitrate content in both the dry and wet seasons, with an ammo-
nium/nitrate ratio greater than 2 in both seasons. Nitrate (F = 67.7; p < 0.001) and calcium
(F = 17.6; p = 0.002) showed significantly higher values in the wet season. No significant
differences in soil properties were observed between samples collected in the rhizosphere
of the different species (Table 2).

Table 2. Soil chemical parameters (mean ± standard error): (A) in dry and wet periods; (B) in
rhizosphere samples of the studied species. Letters indicate significant differences between periods
and among species (ANOVA, p < 0.05).

A

Season n pH H2O pHss Ca2+ K+ N–NO3− N–NH4
+ Condutiv

g/L mg/g µS/cm2

Dry 7 3.8 ± 0.1 a 4.2 ± 0.1 a 2.8 ± 0.2 a 1.8 ± 0.3 a 7.3 ± 0.5 a 18.6 ± 3.3 a 15.9 ± 1.8 a
Wet 35 3.9 ± 0.1 a 3.7 ± 0.1 a 5.4 ± 0.6 b 1.7 ± 0.2 a 15.1 ± 0.8 b 30.6 ± 3.1 A 18.7 ± 1.9 a

B
Species

Aj 5 3.8 ± 0.1 a 3.5 ± 0.1 a 6.6 ± 0.2 a 1.0 ± 0.0 b 16.4 ± 4.2 a 39.2 ± 5.2 a 20.4 ± 3.7 ab
Ar 5 3.8 ± 0.1 a 3.4 ± 0.1 a 7.0 ± 3.2 ab 1.8 ± 0.6 ab 14.4 ± 3.1 a 19.6 ± 6.0 A 20.0 ± 5.6 ab
Tl 5 3.6 ± 0.1 a 3.6 ± 0.1 a 6.6 ± 0.9 a 2.8 ± 0.2 a 12.8 ± 2.9 a 38.9 ± 10.7 A 25.3 ± 5.7 ab
Al 5 4.0 ± 0.1 a 3.7 ± 0.1 a 4.4 ± 1.0 ab 2.0 ± 0.8 ab 14.8 ± 4.4 a 41.1 ± 6.8 A 24.0 ± 3.3 a
Ap 5 3.8 ± 0.1 a 3.7 ± 0.1 a 3.8 ± 0.9 b 1.6 ± 0.2 b 15.6 ± 5.0 a 33.1 ± 6.4 A 15.2 ± 1.4 b
As 5 3.9 ± 0.2 a 3.5 ± 0.1 a 5.2 ± 1.0 ab 1.6 ± 0.2 b 16.4 ± 2.8 a 29.8 ± 8.4 A 16.8 ± 1.2 ab
Ei 5 3.9 ± 0.1 a 3.6 ± 0.1 a 6.8 ± 1.0 a 1.6 ± 0.2 b 11.6 ± 2.1 a 20.7 ± 8.1 A 20.0 ± 3.5 ab

Aj = Aristida jubata, Ar = A. recurvata, Tl = Tristachya leiostachya, Al = Anthaenantia lanata, Ap = Axonopus
pressus, As = A. siccus, and Ei = Echinolaena inflexa.

The PCA of soil variables from these samples did not allow relationships to be es-
tablished between the species studied and soil nutrient availability since there was no
clustering of samples as a function of species (Figure 2A). The analysis shows little contri-
bution of N–NO3

− and a correlation between conductivity values and the concentration of
Ca2+ (r = 0.52, p = 0.001) and K+ (r = 0.5, p = 0.001).
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studied species—nitrate (N–NO3

−), ammonium (N–NH4
+), pHH2O, conductivity (cond.), calcium

(Ca2+), and potassium (K+); (B) nitrogen use variables—Nitrate Reductase Activity (NRA) and nitrate
content (NIT) in leaf (f) and root (r) of species during dry (s) and wet (u) periods. Aj = Aristida jubata;
Ar = A. recurvata; Tl = Tristachya leiostachya; Al = Anthaenantia lanata; Ap = Axonopus pressus; As = A.
siccus; Ei = Echinolaena inflexa.

3.2. Nitrogen Usage by Native Grasses

The results of the analysis of variance with two factors (season and compartment)
indicated no significant differences in NRA between the dry and wet seasons and be-
tween the aerial and underground plant compartments, although they did indicate an
interaction between the two factors (Table 3). In the dry season, there were higher
values in leaves (54.29 ± 5.33 pkat g−1FW) than in roots (29.66 ± 2.47 pkat g−1FW),
while in the wet season, the values in roots (54.28 ± 5.49 pkat g−1FW) and leaves
(46.72 ± 7.64 pkat g−1FW) did not differ significantly (Figure 3). Regarding the concentra-
tion of N–NO3

−, the difference was only between the compartments, being always higher
in the leaves (dry: 3.71 ± 0.17 mg g−1FW; wet: 2.91 ± 0.21 mg g−1 FW) than in the roots
(dry: 0.94 ± 0.11 mg g−1 FW; wet: 0.99 ± 0.1 mg g−1 FW) (Table 3 and Figure 3).

Table 3. Comparison between dry and wet periods, leaf and root compartments, and their interaction
for nitrate reductase (NRA) and nitrate (N–NO3

−) variables (Scheirer–Ray–Hare Test, * p < 0.05,
** p < 0.01, and *** p < 0.001, ns = not significant): for all species; and for each grass species.

All Species Aj Ar Tl Al Ap As Ei

NRA

Period ns *** ns * ns *** ns ns
Compartment ns * ns ns ns ns * **

Interaction *** ns ** * *** ns * ns

N–NO3
−

Period ns ns ns ns ns ns ** ns
Compartment *** *** *** *** * *** * ***

Interaction ns ns ns ns ns ns ns ns

Aj = Aristida jubata, Ar = A. recurvata, Tl = Tristachya leiostachya, Al = Anthaenantia lanata, Ap = Axonopus
pressus, As = A. siccus, and Ei = Echinolaena inflexa.
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A. jubata showed the highest NRA values in the wet period (leaf = 137.9 ± 10.4 pkat g−1

FW; root = 100.68 ± 15.14 pkat g−1 FW). On the other hand, the lowest NRA values were
observed in the A. lanata species in both the dry period (leaf = 23.8 ± 3.29 pkat g−1 FW;
root = 12.04 ± 1.78 pkat g−1 FW) and the wet period (leaf = 10.76 ± 0.95 pkat g−1 FW;
root = 26.86 ± 2.55 pkat g−1 FW) (Figure 3).
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The same analysis of variance for NRA applied to each species indicated that only three
had significant differences between the periods or between the compartments (Table 3).
Between periods, in A. jubata and T. leiostachya, there was higher NRA in the wet period
in both compartments, while in A. pressus, the highest NRA occurred in the dry period,
both in leaves and roots (Figure 3). Between compartments, in both periods, there was
higher NRA in the leaves of A. jubata and E. inflexa and in the roots of A. siccus (Figure 3).
Of the species that showed significant interaction between factors, A. recurvata and A. lanata
showed higher NRA in the leaves during the dry period, while in the wet period, the
highest activity occurred in the roots (Figure 3).

Regarding the concentration of N–NO3
− in plants, the comparison between com-

partments showed a definite pattern, being significantly higher in leaves than in roots in
all species (Table 3). Only in A. siccus was a significant effect of the period observed,
with a higher N–NO3

− concentration in the dry period (Figure 3). The C3 grass E.
inflexa showed the highest values of nitrate content in leaves during the wet period
(mean = 4.21 ± 0.11 mg g−1 FW). On the other hand, the highest nitrate values in the
root were observed in A. lanata in both the dry (mean = 1.83 ± 0.24 mg g−1 FW) and wet
periods (mean = 1.69 ± 0.46 mg g−1 FW; Figure 3).

The PCA of the NRA and N–NO3
− variables allowed the establishment of relation-

ships between the studied species and nitrogen use since it aggregated most individuals of
the same species (Figure 2B). Only the species A. recurvata and E. inflexa overlapped in the
two-dimensional space, indicating similarities in nitrogen use patterns. The period (dry
and wet) was more important for the NRA dispersal of individuals, while the compartment
(leaf and root) was relevant for N–NO3

−. In both periods, NRA in leaf and root were
correlated and, together with N–NO3

− content in roots, polarized the species E. inflexa and
A. recurvata (high NRA and low N–NO3

− concentration in roots) and A. lanata and A. siccus
(low NRA and high N–NO3

− concentration in roots) on opposite sides of Axis 1 (Figure 2B).
NRA in the wet period had great weight in segregating the group of A. jubata individuals.

4. Discussion

Our results indicate that in the studied area, nitrogen is a scarce element that presents
seasonal fluctuations, which may interfere in the strategies of acquisition and use of this
resource by the vegetation.

In the Cerrado, the climate follows a seasonal pattern with distinct periods of dryness
and rainfall. During the dry season, from July to October, there is little to no rainfall.
Conversely, between October and April, a rainy season occurs with regular precipitation.
Based on these climatic patterns, it is reasonable to infer that in the fortnights preceding the
collections, there was no rainfall during the dry season, while a significant accumulation of
precipitation occurred during the rainy season.

Observing Table 1, we can ascertain the variation in RF and RC values among different
species within the campo sujo. These figures reflect species’ responses to specific environ-
mental characteristics of the campo sujo, such as local soil and climatic conditions. Thus,
the sensitivity of these metrics highlights their significance in elucidating the distribution
and status of species within the studied area.

The soils analyzed around the sampling area and near the collected plants have an
acidic character (pHH2O < 4) and can be considered hyper-dystrophic due to low base
saturation (V < 30%) [56]. The low C.E.C. associated with the high potential acidity of the
soil (H+Al) indicates a low availability of cations such as Ca2+ and K+ for plants. The soil
P content can be considered low, as observed in other Cerrado areas [57,58]. The higher
concentration of N–NO3

− observed during the wet period indicates that precipitation may
have favored the nitrification process [59]. The most abundant form of nitrogen in the
soil was N–NH4

+, which is expected for acidic soils [15], possibly being a nitrogenous
form preferentially acquired by vegetation [2,3]. According to studies by [58], the low soil
fertility of the studied area can be attributed to the low sum of bases and the acidic nature
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of the soil observed, which limits the decomposition process and results in a low organic
matter content (O.M. < 60 g/dm3), characterizing soil with low fertility.

Although our data reveal novel patterns in nitrogen use by Cerrado grasses, mea-
surements of other attributes would be needed to fully understand this process [23,36].
The species T. leiostachya, A. lanata, A. pressus, and A. siccus showed relatively low NRA
(<50 pkat g−1 FW), similar to that observed in some Cerrado woody plants [14,34] but
lower than that observed in another study in this same area [60]. On the other hand,
the species of the genus Aristida and the C3 grass E. inflexa showed NRA values higher
than 50 pkat g−1 FW and exceeding the value of 100 pkat g−1 FW in A. jubata. Although
relatively higher, the NRA values observed in these grasses are still much lower than those
observed in grasses in the Mediterranean [19] and in tree species in the Atlantic forest,
which can exceed 1000 pkat g−1 FW [37]. The relatively low NRA values observed in native
grasses and the lower soil N–NO3

− values may indicate that plants use this nitrogenous
form in a complementary manner to N–NH4

+ [7,8,34], which may lead to greater biomass
accumulation and a reduction in the effects of Al3+ toxicity on plants [2,17,18].

The seasonal climate of the Cerrado, characterized by distinct periods of drought
and rainfall (Figure 1), was found to have a significant impact on the response of native
grasses to soil nitrogen availability. The results revealed variations in the responses of
grass species to these climatic conditions. The results indicate that climate seasonality
can interfere in different ways with NRA in native Cerrado grasses. The highest NRA
was expected during the wet season, when N–NO3

− is more available in the soil [3].
However, only A. jubata showed a consistently increased NRA response in leaf and root
during the wet season, indicating that this species may be more responsive to soil N–NO3

−

availability [6,39]. On the other hand, the opposite behavior was observed in A. pressus,
with a lower NRA in both compartments during the wet period, despite the availability
of N–NO3

− in the soil. The species A. recurvata, A. lanata, and A. siccus showed variation
in the preferential compartment of N–NO3

− reduction according to the period analyzed.
The NRA in these species was higher in the leaves during the dry period, while in the wet
period, the roots were the preferred site for N–NO3

− reduction. The higher NRA in the
roots during the wet period suggests that grasses absorb and assimilate N–NO3

− directly in
the underground part, investing in root growth and function to maximize nutrient uptake
during this period [18,61,62]. A. jubata showed a preference for reducing N–NO3

− in the
leaves in both periods, as observed in temperate grasses [36]. In contrast to NRA, the
concentration of N–NO3

− in leaves was higher compared to roots in both dry and wet
periods. In A. recurvata, T. leiostachya, A. pressus, and E. inflexa, the concentration of N–NO3

−

in the leaves was 6–17 times higher than in the roots, indicating that the aerial part can act
as a reservoir of NO3

− that can be further assimilated into the leaves or roots [19,21,61].
The principal component analysis evidenced the presence of distinct N-use strategies

among the sampled grasses. Different resource use strategies may be associated with the
functional and ecological characteristics of the species [2,5,19,28,34,35,60,63], influencing its
abundance in natural formations. Low NRA values are usually associated with tree species
of late succession, slow growth, and nutrient-deficient environments [7,21]. On the other
hand, high NRA activity may be associated with pioneer, colonizing, and fast-growing
tree species [21,39]. In the case of grass species, although the NRA values observed in A.
jubata were not as high as those observed in pioneer tree species [37], its behavior regarding
N–NO3

− use and its distribution in campo sujo, occurring abundantly in an area undergo-
ing natural regeneration and road borders, and almost absent in the native field, suggest
that this species could be a pioneer grass. The grass E. inflexa also showed high NRA
values, but unlike A. jubata, it is the most abundant grass in the native field, with more than
double the importance value of other species in the community structure. Grasses with
C3 metabolism show higher N use efficiency than C4 grasses in dry environments [64],
indicating that even low concentrations of N–NO3

− in the soil may be sufficient for E.
inflexa to have a competitive advantage over C4 grasses.
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Competition and coexistence models indicate that the preference of a species for
N–NH4

+ or N–NO3
− can lead to its exclusion, coexistence, or dominance in a commu-

nity [31]. This means that, as stated by [31], plants may exhibit a preference for using
nitrate, ammonium, or both as nitrogen sources. Within a community, the coexistence of
species with different nitrogen utilization preferences can result in various dynamics of
exclusion or dominance in the community, depending on the abundance of the species and
their respective preferences for nitrogen resource utilization. In other words, species with
similar nitrogen utilization preferences may interact to either facilitate or compete with
each other, while species with distinct preferences for nitrogen utilization can generate
diverse scenarios of exclusion, coexistence, or dominance in the community. These complex
interactions among species and their nitrogen utilization preferences contribute to shaping
the structure and dynamics of plant communities. In this study, we observed that the
species T. leiostachya, A. lanata, A. pressus, and A. siccus have the lowest NRA values, possi-
bly indicating a preference to use the available N–NH4

+ in the soil [2,6,65]. Furthermore,
these species present intermediate and very close values of importance in the community,
indicating a balanced coexistence among them. On the other hand, the species A. jubata, A.
recurvata, and E. inflexa, which presented the highest values of NRA, showed two distinct
behaviors in the community: (i) the species of the genus Aristida are very little abundant
in the native field, with A. jubata almost absent and A. recurvata occurring sparsely, with
individuals significantly smaller than other species studied, and (ii) E. inflexa is the most
abundant species in the native field, being the most frequent grass with greater coverage,
besides presenting C3 photosynthesis, unlike the other species evaluated. The different
N-use strategies of these grasses seem to influence their abundance in the native field,
which may be contributing to the maintenance of grass diversity in this area.

5. Conclusions

Our results demonstrate that native grass species in the Cerrado exhibit seasonal
modulation in nitrate assimilation, with clear differentiation between aboveground and
underground plant parts. During the dry period, we observed higher N–NO3

− reduction
activity in the leaves, while in the wet period, this activity was more pronounced in the
roots. This seasonal alternation suggests an adaptation of grasses to climatic variations,
optimizing the utilization of available nitrogen. Furthermore, the relationship between
nitrogen availability and species importance in the community reveals the direct influence
of seasonality and nitrogen assimilation capacity on the distribution and abundance of
grasses in the Cerrado campo sujo. These findings contribute to a better understanding
of the ecology and physiology of native Cerrado grasses, highlighting the importance of
climatic seasonality in nitrogen dynamics in this unique ecosystem.

This study presents some important limitations that need to be considered. Firstly,
there is the limitation of sampling, which was restricted to a limited number of native grass
species from the Cerrado campo sujo, despite the high richness of the ecosystem. Thus,
future studies with other native grass species and even non-native ones may be necessary,
especially considering the potential threat to local diversity. Additionally, another potential
limitation is the temporal scale of the study, which may have been limited, hindering the
observation of long-term trends or interannual variations in nitrogen dynamics. Therefore,
it is suggested that further studies be conducted to address these limitations and gain a
more comprehensive understanding of the processes under investigation.
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