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Resumo: Uma parte da histéria ambiental do noroeste paranaense esta refletida na paisagem pela presenca de
paleovogorocas de grande magnitude, ao norte do rio Ivai, cuja génese pode estar associada a condigao climatica distinta da
atual, ao longo do Quaternario. Estudos na regido tém apontado variagdes climaticas ao longo do Holoceno, indicando
periodo mais seco que o atual nas transi¢des Pleistoceno/Holoceno e Holoceno Médio/Holoceno Superior. Embora esses
estudos indiquem que as taxas de denudacao fornecam uma estimativa do periodo de inicio de formacao dessas fei¢des, as
condi¢bes ambientais de clima e vegetacdo que permitiram o desenvolvimento de tais processos ainda sdo pouco
conhecidas. Partindo da concepgdo do solo como um reservatorio de registros ambientais, e adotando uma abordagem
multiproxy, o presente estudo tem como objetivo reconstituir as condigdes paleaombientais holocénicas que favoreceram o
desenvolvimento de uma paleovogoroca no municipio de Loanda, noroeste paranaense. De acordo com os resultados, o
desenvolvimento dessa feigao esta relacionado a um ambiente com vegetagdo mais aberta que a atual, sensivelmente mais
seco e com temperatura mais amena, durante a transi¢do Holoceno Médio/Superior. O aumento da umidade no Holoceno
Superior favoreceu, incialmente, a ampliacao da erosao e, posteriormente, ja com dimensdes quilométricas, sua estabilizacao
com o avango da floresta.

Palavras-chave: Pedomemorias; Grupo Cauid; Erosao; Reconstitui¢do Paleoambiental

Abstract: A part of the environmental history of northwest Parana is reflected in the landscape by the presence of paleogully
of great magnitude, concentrated north of the Ivai River, whose genesis may be associated with different climatic conditions
from the current one, during the Quaternary Period. Studies in this region have pointed to climate variations throughout the
Holocene, indicating a drier period than the current one in the Pleistocene/Holocene and Middle and Upper Holocene
transitions. Although these studies indicate that the denudation rates provide an estimate of the beginning period of the
formation of these features, the environmental conditions of climate and vegetation that allowed the development of such
processes are still poorly known. Based on the conception of soil as a reservoir of environmental records, and adopting a
multiproxy approach, the present study aims to reconstruct the Holocene paleoenvironmental conditions that favored the
development of a paleogully in the municipality of Loanda, northwest Parana. According to the results, the development of
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this feature is related to an environment with more open vegetation than today, slightly drier and with milder temperature,
during the Middle to Late Holocene transition. The increase of humidity in the upper Holocene favored, at first, the

enlargement of erosion and, later, already with kilometric dimensions, its stabilization with the advance of the forest.

Keywords: Pedomemories; Cauia Group; Erosion; Paleoenvironmental Reconstitution.

1. Introduction

Erosive features found in Northwestern Parana, north of the Ivai River, in the municipalities of Loanda,
Terra Rica, and Queréncia do Norte, stand out in the landscape for their dimensions, averaging over 18 km?, and
the size and level of conservation of the vegetation installed inside (GOULART; SANTOS, 2014; GOULART,
2020). These features represent paleogully stabilized long ago and are considered anomalous to the regional
relief, characterized by morphological features of planing from successive reworkings that occurred since the
beginning of the Quaternary (BIGARELLA; MAZUCHOWSKI, 1985). These paleogully differ in size, age and
origin from those gullies formed after 1930, when the colonization process of the region began, and by presenting
stabilized margins and covered by a Semideciduous Seasonal Forest (GOULART; SANTOS, 2014) with large
trees, similar to the one that covered the region when the first settlers arrived. Some paleogully have irregular
topography (>30% slope) and lakes inside, or are grouped in regional dividers, as in the municipality of Loanda,
where there is a higher concentration of them, creating a peculiar roughness in the landscape (OLIVEIRA, 2021).
A study by Goulart (2020) estimated that the beginning of the development of denudation processes that
originated these features was still in the Lower Pleistocene. The analysis of palynostratigraphic data from three
sub-basins (Rio Tibagi, Rio Piquirivai, Umuarama) and samples from the alluvial plain of the Parana River in the
region of Porto Rico by Stevaux (1994) revealed that during the lower Pleistocene (between 2.5 and 1.0 Ma AP)
the region was dominated by natural grasslands and savannas under drier climatic conditions than today.

Although we already have this estimate of the period and conditions of the beginning of the formation of
these features, little is known about the climatic and vegetation conditions that contributed, a posteriori, to the
evolution of these paleoflows throughout the Quaternary. The region, since the early Holocene, has undergone a
widespread climatic transition. Drier-than-present phases have been identified in the Pleistocene/Holocene (14 - 8
thousand years AP) and Middle Holocene/ Upper Holocene (3.5 and 1.5 thousand years AP) transitions in
Northwestern Parana (GOLOVATI, 2015; SANTOS, 2013; STEVAUX, 2000), central-western Sao Paulo (SOUZA
et al., 2019), and northeastern Argentina (STEVAUX, 2000), indicating synchronicity between the South and
Southeast regions of Brazil.

Most of the studies carried out in Northwestern Parana are lithostratigraphic and/or palynostratigraphic, in
sediments of fluvial plains, especially of the Parand River. These works aimed to know the evolution of the
vegetation structure and the temperature and humidity conditions throughout the Holocene in the region
(GOLOVATI, 2015; GUERREIRO et al., 2013; RAMIREZ et al., 2019; RASBOLD et al., 2020; SANTOS, 2013).
However, studies from pedomemories employing multiproxy approach in mineral, non-hydromorphic soil in the
region are rare, except for Golovati (2015) and Santos (2013).

The advantage of using multiple proxies preserved in soils is that it yields information at different spatial
and temporal scales, aiding in the understanding of past vegetation and climate conditions and environmental
changes. The soils of northwestern Parand stand out for being mineral, medium to sandy in texture, moderately
acidic and of poor natural fertility (EMBRAPA, 1984). These properties added to the low soil organic matter
content (SOM), in some situations, are limiting for preservation of palynomorphs. In this condition, the analysis
of the phytolith assemblage, a botanical microrest preserved in soils, stands out as an important tool to
investigate the evolutionary trajectory and the changes in vegetation structure throughout the Quaternary in the
northwestern region. Phytoliths are microscopic opaline silica corpuscles formed in plant tissue throughout their
vegetative development that, after plant death, are incorporated into soils and or sediment (STROMBERG et al,
2018), constituting a biotic memory of vegetation aspects (CALEGARI; VIDAL-TORRADO, 2020).

The combined use of phytoliths with other bioindicators, such as carbon (micro)fragments and stable carbon
and nitrogen isotopes, has allowed to know the environmental history that some soils have experienced
throughout their formation in different regions of Brazil (CALEGARI et al, 2013a; MACEDO, 2013; SILVA NETO

Revista Brasileira de Geomorfologia. 2023, v.24 n.00; ¢2328; DOI: http://dx.doi.org/10.20502/rbg.v24i00.2328 https://rbgeomorfologia.org.br



Revista Brasileira de Geomorfologia, v. 24, n. ESPECIAL, 2023 3de25

et al, 2018) and elucidate aspects related to pedogenesis and landscape evolution throughout the Holocene,
including in semiarid areas, where other proxies are rare or scarce (LISTO et al., 2022).

In view of the questions and uncertainties about paleogully in the northwestern Parana State, this study was
based on the hypothesis that the erosion process would have started around the Upper Pleistocene, according to
Goulart (2020), under dry climate and open vegetation, and expanded its dimensions during periods of
instability until the upper Holocene. Based on a multiproxy approach, this study aimed to identify changes in
vegetation structure and, indirectly, in environmental moisture and temperature, which may have contributed to
the evolution and stabilization of the erosion feature throughout the Holocene in the municipality of Loanda.

2. Study Area

The soils were described and sampled on the edge of paleogully G3 located in the municipality of Loanda,
northwestern Parana (GOULART, 2020) (Figure 1). The profiles were allocated in the upstream sector of the
feature, being P1 (22°55'53.1" S; 5302'03.7" W) an autochthonous soil, on the left margin, developed from the
underlying sandstone and P2 (22°57'00.9" S; 53°02'03.7" W) a soil developed from colluvial material transported
from upstream. The two profiles are 2.41 km apart and P2 is located downstream on the right margin of the
feature, in a steeper sector of the headland, with occurrences of small patamares formed by solifluxion and small
dips.
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Figure 1. Location of the study area and soil sample collection profiles in the G3 paleogully.
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The relief of the area has low dissection, is smooth and wavy consisting of flattened tops, convex slopes and
open "V" valleys (SANTOS et al., 2006). The medium-textured Latosols and Argissols, predominant in the study
area, are formed from the alteration of the Cretaceous sandstones of the Caiua Group (FERNANDES; COIMBRA,
2000). The predominant climate is humid subtropical mesothermal (Cfa), with an average temperature of the
hottest months above 22°C and the coldest months below 18°C. Rainfall varies between 1,300 and 1,700 mm, with
a tendency to concentrate in the summer months, with annual averages between 450 and 530 mm (NITSCHE et
al., 2019). The natural vegetation cover of the region was the Semidecidual Seasonal Forest (SSF) (ITCG, 2013)
that has been replaced by temporary crops and pasture. Fragments of forest are found within the anomalous
feature, covering most of the slopes, especially near the water divider (GOULART; SANTOS, 2014).

The description of soil horizons was performed according to Santos et al. (2015) in two soil profiles. Samples were
collected for soil characterization and classification up to the second categorical level. Sampling for carbon isotopic analysis
and phytolithic soil assembly was performed every 10 cm, from the base to the top of profiles P1 and P2. To define the
phytolithic signature (fingerprinting), representative of the current vegetation, samples of litter and of the superficial soil
layers (0-5 cm; 5-10 cm) were collected every 50 meters along three transects (T1, T2 and T3) of 150m length, close to the
described profiles (Figure 2).
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Figure 2. Block diagram showing the paleogully set and the sampling points (P: Profiles and T: Transects).
2. Materials and Methods

2.1. Analysis of soil properties

For knowledge of the phytolith preservation environment and soil characterization, granulometric, pH
(acidity conditions) and organic matter content analyses were performed. The soil samples were dried, then
crushed and sieved in a 20 mm mesh to obtain the fine air-dried soil fraction. The particle size fractions of the
soils (clay < 2pum and silt 2-50pum) were determined by the Bouyoucos densimeter method and the sand fraction
(50-2000um) by sieving, according to Teixeira et al. (2017). The pH in KCIl and in water were determined
according to Teixeira et al. (2017). Organic matter content was determined according to the Walkley-Black
method (TEIXEIRA et al., 1997), by obtaining organic carbon in wet oxidation with potassium dichromate
(K2Cr207 1N) in sulfuric medium (LANA et al., 2016).
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2.2. Quantification of soil microcarbons.

200 grams of dry soil from each horizon were weighed and sieved in 250pum mesh. The roots were removed,
and the material retained on the sieve was submitted to flotation, and the charcoal fragments were collected with
tweezers, dried in an oven (60°C - 24hr) and weighed on precision scales (adapted from HORN; UNDERWOOD,
2014).

2.3. Elemental composition and isotopic analyses of SOM (6*C)

The determination of total organic carbon (TC) and total nitrogen (TN) content, C/N ratio and carbon
isotopic analysis (0'°C) of soil organic matter (SOM) was performed on samples collected every 10 cm. The
samples were air-dried, macerated, passed through a 0.250 mm sieve, weighed and then analyzed in an
Elemental Analyzer (CarloErba - CHN 1110) coupled to a Thermo Fisher Scientific Mass Spectrometer (Finnigan
Delta Plus). The results of total carbon and nitrogen concentrations are expressed in grams per kilogram (g. Kg-1)
of dry material from each sample. Results of the 3C/12C isotope ratio (Eq. 1) are expressed using conventional
notation (0%o - delta parts per thousand) with analytical precision of + 0.2%o.

813(: = [(Rsample - Rstandard/Rstandard)] x 1000 (1)

Where: Rsample refers to the 3C/12C ratio of the sample; RPDB = 13C/12C ratio of the PDB standard for carbon
(FARQUHAR et al., 1989).

2.4. Extraction, counting and identification of phytoliths

Extraction of burlap phytoliths followed the modified calcination procedures of Campos and Labouriau
(1969) and Piperno (2006), known as "dry-ashing". The extraction of phytoliths from soil was performed
according to Method 2 described in Calegari et al. (2013b). Extraction began with the removal of organic matter
and iron and aluminum oxides and hydroxides covering the particles of the mineral fraction of 4 grams of soil,
according to Mehra and Jackson (1960). Organic matter was removed with hydrogen peroxide (H20:). The oxides
were removed with DCB solution (Sodium Dithionite + Sodium Citrate + Sodium Bicarbonate). Then clay
removal was performed by centrifugation (3 min - 700rpm as many times as necessary). The remaining material
(silt and sand fractions) was separated from the phytoliths by densimetric flotation, using a sodium
polytungstate solution (Nas(H2W12040)H20) with a density of 2.35 g/cm?® (MADELLA; POWERS-JONES; JONES,
1998). The recovered material was used for making temporary slides in immersion oil and permanent slides with
Enterlan® for identification and morphological classification of the phytolith assemblage and for quantification
of morphotypes, respectively, under a trinocular optical microscope.

Phytolith count and classification were performed according to Carnelli et al (2001). A minimum of 300
phytoliths were counted per burlap sample and a minimum of 200 phytoliths with taxonomic significance and
size greater than 5um were counted in the soil samples. Phytoliths smaller than 5um are difficult to identify and
usually represent fragments of larger corpuscles, (EPSTEIN, 2001). Morphotypes were described and named
according to International Code for Phytolith Nomenclature - ICPN 2.0 (ICPT et al., 2019).

To express taxonomic significance the morphotypes were organized according to the producing groups:
Trees (SPHEROID ORNATE), morphotype produced by: Woody plants, predominantly arboreal life forms
(BREMOND et al , 2005, MERCADER et al., 2009; Souza, 2019;); Trees/Shrubs (ELIPSOIDAL PSILATE, POLYGONAL
EPIDERMIC CELL, SPHEROID PSILATE, TRACHEARY, TABULAR, TABULAR SULCATE), morphotypes produced by non-
monocotyledonous plants - woody and non-woody, of tree and shrub life forms (RUNGE, 1999; MERCADER et
al, 2009; CECCHET, 2012, FELIPE, 2012, RAITZ, 2012, SOUZA, 2019; MOZER, 2019); Palms (SPHEROID ECHINATE)
diagnostic morphotype of the Arecaceae family (MARCOTE-RIOS and BERNAL, 2001; MARCOTE-RIOS et al.,
2016; MACEDQO, 2013; BENVENUTO et al, 2015; HUISMAN et al, 2018, SOUZA, 2019); Total Poaceae (herbs)
(Panicoid, , Pooid, Chloridoid, ELONGATE DENTATE, BLOCK, BULLIFORM FLABELLATE) morphotypes produced by
plants of herbaceous life form (TWISS, 1987; 1992; RAITZ, 2012; CALEGARI et al., 2017c) , Indefinite Family
(ELONGATE and ESTOMATE), morphotypes with a high degree of redundancy, produced by plants of different
families and life forms.
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2.5. Phytolithic indices

The environmental intepretations and the significance of the phytolith assemblage were established through
the relationship between the different groupings of morphotypes, which express the producing taxa and their
ecology. These relationships are expressed in the different phytolith indices available in the current literature
(STROMBERG et al., 2018). Four indices were applied, based on grass and tree phytoliths. They are:

a) Index of Adaptation to Aridity/Humidity - Iph (DIESTER-HAAS et al., 1973; TWISS, 1992; BREMOND

et al., 2005). It is based on the ratio of the amount of phytoliths of Chloridoideae versus Chloridoideae +
Panicoideae (TWISS, 1992). It expresses the percentage of Chloridoideae among Ca grasses (Eq. 2).

b) Iph %= [(SADDLE / (SADDLE+CROSS+BILOBATE short cell)]x100 (2) Climatic Index (Ic): (TWISS 1987, 1992)
estimates the relative proportion of Cs grasses in North American grasslands. It is defined from the
relationship between Pooideae morphotypes versus Pooideae + Chloridoideae + Panicoideae
morphotypes (Eq.3)

1co RONDEL + TRAPEZIFORM POLYLOBATE + TRAPEZIFORM short cell 100
= X
0 RONDEL + TRAPEZIFORM POLYLOBATE + TRAPEZIFORM short cell + )

SADDLE + CROSS + BILOBATE short cell
) Arboreal Cover Index (D/P): (adapted from Alexandre et al 1997 and Neumann et al. (2009), consists of the
ratio between phytoliths of arboreal dicotyledons (D) (SPHEROID) and phytoliths of Poaceae (P) (Eq. 4). In this
adaptation, the SPHEROID PSILATE was included for arboreal dicotyledons because they have been found in
abundance in woody plant samples of arboreal life form in reference collections prepared in Brazil (RAITZ, 2012;
FELIPE, 2012; SOUZA, 2019; MOZER, 202); and only the short cells of C4 grasses were kept representing Poaceae.

D/P SPHEROID (PSILATE + RUGOSE)
/P = RONDEL + TRAPEZIFORM + POLYLOBATE + SADDLE + CROSS + BILOBATE short cell

d) The water stress index (Fs) is calculated according to BREMOND et al., (2005), by the ratio between the
BULLIFORM FLABELLATE morphotype and the sum of all grass phytoliths except ELONGATE (Eq.5).

(4)

BULLIFORM FLABELLATE

~ SADDLE + CROSS + BILOBATE + TRAPEZIFORM short cell + TRAPEZIFORM POLYLOBATE + )
BULLIFORM FLABELLATE + ACUTE BULBOSUS

Fs

2.6. “C Dating

Four samples were sent to the Radiocarbon Laboratory of the Federal Fluminense University (LAC UFF) for
dating, two from P1 (60-70 cm and 680-690 cm) and two from P2 (60-70 cm and 130-140 cm). The 680-690 cm
sample from P1 did not have enough carbon content to be measured. The dates of the samples with their
respective codes are presented in conventional radiocarbon ages in years before present (BP) (STUIVER;
POLACH, 1997) and calibrated, with 95.4% reliability (cal. years AP), the present being 1950 (PESSENDA et al.,
1998).

2.7. Statistical Analysis

The results of the phytolith count were organized in tables with absolute values of the identified phytolith
count, to determine the percentages of each morphotype and taxonomic classes of phytoliths. The grouping
analysis by similarity, used in the paleoenvironmental interpretation, was carried out using CONISS, which is a
program that performs the grouping analysis stratigraphically, delimited by the incremental sum of squares
method (GRIMM, 1987) and is embedded in the Tilia program. The results were organized in distribution graphs
of the percentages of each morphotype and the dendrogram indicating the hierarchical groupings among the
samples. To explain the dendrogram groupings, principal component analysis (PCA) was performed using
Minitab software. Pearson's correlation was performed between charcoal fragments and phytoliths of woody
plants. Mean test (Tukey test) was performed on the phytolith assembly data from the transects, using Minitab
software.
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3. Results

3.1. Soil Attributes

P1 is a soil developed from the alteration of the underlying sandstone, belonging to the Caiua Group. It is
740 centimeters deep and has a vertical sequence of A, AB, and Bw horizons, which is subdivided into eight
subhorizons for maintaining the attributes of latossolic B (Table 1). It presents a dark reddish brown color, with a
variation in hue, from the top to the bottom of the profile, from 5YR 3/3 to 2.5 YR 3/4. P2 is shallower (190 cm),
and is a soil developed from colluvial material mobilized from upstream, already pedogenized. It presents a
vertical sequence of horizons A, 2AB, 2BA, 3Bwl1, 3Bw2, and 4BC and a reddish brown color, varying from 2.5YR
2.5/4 in the A horizon to 2.5YR 3/4 in the underlying horizons. Both profiles present well drained soils, with good
macroporosity (structural and biological) and biological activity, of fauna (termites and ants) and roots, more
abundant in the A horizon. P2, in general, showed greater biological activity of termites and ants, with the
presence of empty channels and galleries filled with looser material.

Table 1. Morphological, physical and chemical attributes of soils in reference profiles, in an anomalous feature in
the municipality of Loanda, Northwest Parana

Clay  Silt  Sand* S/A pH Pelta oy ¢
. Deep. Cor Munsell pH
Horiz. (cm) (wet)
g.kg H20 KcCl % g.kg!
Profile 1: Haplic Ferralsol
A 0-13 5YR3/3 260 62 678 0,24 53 4,7 -0,6 10 06
AB 13-43 5YR3/3 262 63 675 0,24 6,4 4,6 -1,8 93 05
Bwl 43-100 2,5YR3/4 272 15 713 0,06 59 4,5 -1,4 53 03
Bw2 100-200  2,5YR3/4 274 13 713 0,05 58 51 -0,7 33 02
Bw3 200-300  2,5YR3/4 287 13 700 0,05 4,9 4,3 -0,6 26 02
Bw4 300-400  2,5YR3/4 287 25 688 0,09 4,9 4,3 -0,7 1,9 01
Bw5 400-500  2,5YR3/4 287 13 700 0,05 5,2 4,4 -0,8 33 02
Bwo6 500-600  2,5YR3/4 274 38 688 0,14 51 4,3 -0,8 1,2 01
Bw7 600-700  2,5YR3/4 300 13 687 0,04 51 4,3 -0,8 05 0
Bw8 700-800  2,5YR3/4 300 25 675 0,08 53 4,3 -1 05 0
Profile 2: Haplic Ferralsol (Colluvic)

A 0-25 2,5YR2,5/4 113 21 866 0,19 6 52 -0,8 79 05
2AB 25-55 2,5YR3/4 90 312 599 348 5,5 4,6 -09 53 03
2BA 55-70 2,5YR3/4 158 128 714 0,81 54 4,3 -1,1 4 02
3Bw 70-100 2,5YR3/4 186 98 716 0,53 5,6 4,4 -1,2 33 02
3Bw2  100-160  2,5YR3/6 106 160 734 1,51 58 4,5 -1,3 4 02
4BC 160-200  2,5YR3/6 40 383 577 9,47 6,3 4,9 -1,4 6 04

* Particle size fractions: Clay< 0.002 mm; Silt: 0.05 to 0.002 mm; Total sand: 2 to 0.05 mm.

P1 is more clayey and in P2 clear vertical variations in clay and silt fractions are observed, which signals a
lithological discontinuity, between 25 and 55 cm and between 70-100 cm depth. These variations mark former
colluvial levels, which contributed as parent material for this soil. Chemically the two profiles are very similar
(Table 1). They present acidity ranging from strongly to moderately acidic (pH between 4.2 and 6.4). The
calculated pH delta was negative in all horizons, decreasing from the top to the bottom of the profiles, ranging
between 0.6 and 1.8 in P1 and 0.8 and 1.4 in P2. The organic carbon (C) and organic matter (O.M) contents in
general are low (Table 1) and the highest contents are found in the superficial horizons, respectively 0.6% and
10% in P1 and 7.9% and 0.5% in P2. The irregularities in the vertical distribution of morphological, chemical and
physical attributes observed in P2 corroborate the existence of lithological discontinuities in the profile, related to
the past colluvial process, whose macromorphological properties have already been obliterated by pedogenesis
over time.
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3.2. Elemental composition, isotopic data of SOM (613C, 14C) and coal fragments

Table 2 shows the “C ages of humin from the soils. The ages decrease from the bottom to the top. The humin
from the 60-70 cm samples indicated Upper Holocene (~2,201 Cal yr BP) age at P1, and Middle Holocene (~5,800
Cal yr BP). At P2, the 130-140 cm sample showed early Middle Holocene age (~7800 Cal years BP).

Total carbon (TC) contents, in general, decrease in depth in both profiles (Figure 3). In P1, values are lower
(<5.5 g.kg1) and have a more linear vertical distribution, with subtle changes at 40 cm and 340 cm depth, where
decreases and increases in TC content are observed, respectively. In P2, the values are higher (between 30.6 and
4.4 g kg') and evidence of discontinuity is observed at depths of 60, 100 and 150 cm, where the contents increase,
defining a non-linear pattern of distribution of this element in the soil profile. The C/N ratio follows the same
trend as the distribution of total C, corroborating the non-linear pattern at P2 and with lower and more linear
values at P1.

Table 2. “C dating ages of the humin fraction in relation to the depth of the soils of Profiles 1 and 2, Loanda - PR.

Sample ) Calibrated Ages (95.4% probability, 2 o)
1 Profile | Age 14C (years BP)
ACUFF Cal years BP Cal years BP*
210015 P160-70 2111426 2317-2225 2201
2159-2085
210016 P2 60-70 5046+30 5896-5653 5775
210017 P2130-140 6965+31 7846-7674 7760

1 Sample code at UFF's Radiocarbon Laboratory. * Average of calibrated ages

The isotopic values of 8C, presented in Supplementary Information (SI-1), do not indicate vegetation
change over time represented in these profiles. The vegetation was always forested in both profiles, presenting
phases of greater openness, but that do not configure a vegetation change. Both profiles presented isotopic
depletion in depth. P1 presented variations in isotopic values between -21.64%o and -25.30%o. at depths of 30 cm
to 320 cm and -25.18%o at 680 cm. In the P2 profile, the isotopic values observed were -22.42%o at 30 cm, -23.23%o
at 90 cm, -25.84%o at 150 cm, and -24.34%o. at the base of the profile.

613C(%o) TC (g.kg™?) C/N
27 25 23 2 0 10 20 30 o 0 10 20 30 40 50
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Figure 3. Vertical distribution of C and N isotopic values, C/N ratio and 1'4C dating of the SOM of soil profiles
from paleogully G3 - Loanda (PR).
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3.3. Phytolith Assemblage

In the current vegetation assemblage, represented by the transect samples, 16 morphotypes were identified
(Figure 4), composed predominantly of phytoliths of Poaceae (BILOBATE, and POLYLOBATE-Panicoideae/C4,
BULLIFORM FLABELATTE and ELONGATE DENTATE); of Eudicotiledoneae (SPHEROID PSILATE and SPHEROID ORNATE;
ELLIPSOIDAL PSILATE, POLYGONAL, TABULAR) and of Arecaceae (SPHEROID ECHINATE). STOMATE and ELONGATE,
with no specific family, are also part of the assemblage (more details are given in Supplementary Information SI-
2).

Figure 4. Morphotypes found in litter and soil profiles (P1 and P2), in an anomalous feature, in Loanda (PR). A-G
Articulates of Eudicotyledonous phytoliths; F, G) STOMATE; H-J) ELONGATE; K-L) TRACHEARY; M-O) SPHEROID
PsILATE; P) Unidentified; Q-S) BILOBATE; T) Cystolith (non-phytolith). Bar=10 um

In the profiles this same assemblage was maintained, however presenting a lower diversity of morphotypes
in depth. The relative frequency of taphonomized morphotypes and morphotypes of indiscriminate families
increased at depth, to the detriment of identifiable phytoliths. At P1, from 300 cm and above no phytoliths were
found that were larger than 5um in size and identifiable shape, nor were they fragmented or corroded, so
samples below this depth were considered sterile in phytoliths. In P2, the sterile samples were found throughout
the profile, more contiguously between 110 cm and 190 cm. The composition and distribution of the phytolith
assemblages in the profiles were organized in graphs.
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Principal component analysis (PCA) was performed using 10 variables, representing the phytolith-
producing taxonomic groups (Herbs; Palms; Trees; Trees and Shrubs), articulated phytoliths (Art), indiscriminate
(Indisc), unidentified (NI) and tafonimized (Taf) morphotypes, the amount of charcoal (coals) and the C/N ratio
(CN). In P1 the sum of the first four principal components accounts for only 72.2% of the variance among the
samples. PCA-Axis 1, (Moisture) accounts for 24.4% of the total variance among the samples and PCA-Axis 2,
which represents the temperature variation, account for 21.1% of the variance along the profile. The moisture
variation indicated in PCA-Axisl is defined by the predominant presence of herb (variable) morphotypes (mostly
mesic grasses) and trees, and to a lesser extent, tafonomized (Taf) morphotypes (morphotypes that show some
sign of chemical, physical, or temperature change-fires, Parr, 2006) and unidentified, due to the high degree of
physical or chemical change that made it impossible to identify the shape; indicating movement in the profile
and/or long time in the profile) (positive quadrant) and by the variables trees and shrubs (life forms indicative of
moisture in the environment), articulated (Art) and the morphotypes with no taxonomic significance (Indisc)
(negative quadrant). The PCA - Axis 2, which reflects the temperature variation in the environment is influenced,
in the positive quadrant, only by the Palm morphotypes (in general, these are plants associated with tropical and
subtropical environments, and well-drained soils, LIMA et al., 2003) and the amount of charcoal indicative of the
occurrence of fires, associated with drier conditions (GOUVEIA et al. 2002) , and, in the negative quadrant, by the
morphotypes of trees and shrubs (life forms indicative of moisture in the environment), articulated (Art) (in
general indicate good preservation of organic matter in the soil and low degree of soil movement/revolving,
CALEGARI et al.,2013a), without taxonomic significance (Indisc.) and unidentified (NI) (Figure 5).

At P2 the sum of the first four principal components accounts for only 87.9% of the variance among the
samples. The PCA-Axis 1, (Moisture) is responsible for 42.4% of the total variance among the samples and the
PCA-Axis 2, which represents the temperature variation, correspond to 17.6% of the variance along the profile. In
PCA-AXxis1, considering the significance of the variables presented in P1, the moisture variation is defined by the
predominant presence of Palms morphotypes (variables), C/N ratio and tafonomized (Taf) in the positive
quadrant and by the variables trees and shrubs and the articulated (Art) that in general indicate good
preservation of organic matter in the soil and low degree of soil movement/revolvement (CALEGARI et al.,2013
a) and, in smaller proportion the morphotypes without taxonomic significance (Indisc) in the negative quadrant).
The PCA - Axis 2, which reflects the temperature variation in the environment is influenced, in the positive
quadrant, only by the morphotypes of herbs and unidentified phytoliths, and in the negative quadrant by the
C/N ratio and by morphotypes of trees, trees and shrubs, indiscriminate and articulate (Art.) (Figure 5).

3.3.1. Phytoliths Zones

Cluster analysis and Principal Component Analysis (PCA) differentiated three phytoliths zones that are
repeated in both profiles. The zones and their respective phytoliths assemblages consider the average of the
values of the main characteristics in each profile.

In P1, the phytolith assemblage of the current vegetation (0-10 cm soil and the litter) represents the
reference, for interpretation of the underlying zones. Developed under Cfa climate conditions, the current SSF
assemblage is composed of phytoliths of herbaceous plants (13.7+1.8) being 8.7(x1) diagnostic phytoliths of grass
short cells (GSCP). Tree and shrub and palm morphotypes accounted for 34.6% of the assemblage. The results of
the phytolith analysis are congruent with the isotopic results that showed a 6'*C value of -22.8%., which signals
vegetation with a mixture of Cs and Cs plants (Figure 5).

From the bottom to the top, three phytoliths zones were identified (Figure 6) thus characterized:

Zone I (200-120 cm): groups part of the B ferralic horizon samples and presents the *C value that signals a
vegetation with a predominance of Cs plants (-24.3%o).

The predominance of Cs plants was corroborated by the phytolith assemblage that presents about 47% of
these as forest indicators (Eudicots and Palms). It presents few charcoal fragments (1g.kg?). This zone was
subdivided into subzones Ia and Ib, due to intra-zonal variations:

Zone la (300-160 cm): The phytolith assemblage in this zone is composed of morphotypes produced by of
herbaceous species (32.9% +2.6), 18.8% (£1.9) of which are taxonomically significant short grass cells (Panicoid,
Pooid and Chloridoid), 12 % (+5.4) of Arecaceae (Palms) (SPHEROID ECHINATE) and 14.7 % (+6.3) of arboreal
Eudicots (SPHEROID ORNATE) and 12.3 % (+2.5) of arboreal and shrub Eudicots. The rest of the assemblage is
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composed of phytoliths with a high degree of redundancy. The calculated indices showed values (mean) of 2.1
(£1.4) for the D/P index and 1 (+0.8) for FS. The IC and Iph showed a value of 0.1.
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Figure 5. Principal Component Analysis of the phytolith assemblage of P1 and P2, in Loanda (PR). The ellipses in
dotted line gather the samples that compose each phytolith zone. Eigenvectors indicate the names of the producing
groups and plants; Arabic numbers indicate the samples (P1: 1 - Litter, 2 - 0-10 cm, 3 - 10-20cm, 4 — 20-30cm,14 —
120-130 cm, 15 - 150-160 cm, 17 — 170-180cm, 18 — 190-200 cm, 19 — 250-260 cm, 20 — 270-280, 21 — 290-300 cm; P2: 1 -
Litter, 2 - 0-10 cm, 3 - 10-20cm, 4 — 50-60 cm, 5 — 60-70 cm, 7 — 100-110 cm, 8 — 180-190 cm).

Zone Ib (160-120 cm): Gathers samples from the B ferralic horizon that show phytolith assemblage
composed of morphotypes produced by herbaceous species (24.2%z+ 3.4), of which 10.8% (+1.9) are short-celled
grasses of taxonomic significance (Panicoid, Pooid and Chloridoid), 13 % (+13) of Arecaceae (SPHEROID
ECHINATE) and 26.9 % (+9) of arboreal Eudicot (SPHEROID ORNATE) and 17% (+4.1) of arboreal and shrub Eudicot.
The rest of the assemblage is composed of redundant phytoliths with no specific family. The isotopic value is -
24.1%0 and1.6 g.kg? of charcoal fragments were found. The IC, Iph and FS showed null value, and the D/P
showed value 1.5 (+2).
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Figure 6. Relative frequency distribution of phytolith assemblage, phytolith indices and charcoal fragments from P1, in paleogully, Loanda, PR.
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Zone II (120-100 cm) - still corresponds to samples from the B ferralic. It represents a transition zone, marked
by the increase of phytoliths produced by plants of the herb and tree and shrub groups to the detriment of those
diagnostic of woody tree plants (SPHEROID ORNATE) and palm trees (SPHEROID ECHINATE). Isotopic values and the
amount of charcoal fragments remained similar to the underlying zone, respectively, (-24.4%o and 1.6 g.kg1). The
indices also showed little variation.

Zone 1III (100-10 cm) - this zone is composed of samples from the top of the B ferralic horizon and the BA
horizon. The phytolith assemblage is marked by morphotypes from herbaceous plants that represent 37.6% (+2.3)
of the assemblage, trees (17.7% +9.3), trees and shrubs (33.6% =+ 1.8) and palm trees (Arecaceae-9.5% +8.3). The
rest of the assemblage consists of redundant phytoliths with no defined family (1.6%). The mean isotopic value is
-23%o, with no charcoal fragments. Intra-zonal variations conditioned the subdivision of this zone.

Zone IIla (100-70 cm) - Presents phytolith assemblage with a trend of increasing herbaceous phytoliths
(41.6% +2.2) at the expense of shrub (12.1 +1.5) and palm (6.3%) morphotypes. GSCP and tree plant morphotypes
are predominant in this zone, respectively 22% (+15) and 25.2 (¥9.1). The assemblage is further composed of
phytoliths from herbaceous plants (41.6% + 2.5), of which 4.2% are from the subfamily Panicoideae, 8.1 % from
Pooideae/Danthanoideae and 0.4% from Chloridoideae and by redundant phytoliths within the Poaceae family
(28.9%); the assemblage still features palms (20.7%) and the rest are redundant phytoliths, from the No defined
family group (12.5%). The value of d3C is -23.6%o0 and of the indices are 2 (D/P), 0.3 (CI), 1.83 (Fs) and 0.7 for Iph.

Zone IlIb (70-10 cm) - Begins in the middle/upper Holocene transition, around 2,201 cal. BP and extends to
approximately 400 cal years BP. It presents the assembly that marks the decrease of herbaceous plant phytoliths
(35.3% +1.5), especially in the basal samples. Decrease was also observed in morphotype diagnostics of grass
subfamilies (GSCP) (15.5% +1.4). Trees represent 13.5% (+9.1) of the assembly and palms 11.3% (+9.2) and the rest,
about 39%, are redundant morphotypes that make up the No defined family group. The 5°C is similar to that of
the current vegetation (-22.7%o), as is the value of the D/P (1.7), IC (0.1) indices. The FS was null for this subzone
and the Iph was the highest in the entire profile (2.1).

In P2, the assembly of the present SSF (burlap and 0-10 cm) is composed of herbaceous plant phytoliths (21.3
+11.5), with 19.3(+12.8) morphotypes being diagnostic of GSCP. Tree and shrub and palm morphotypes represent
66.4% of the assemblage and the remaining 12.3%, represents those redundant morphotypes, belonging to the No
defined family group. This assembly shows a coherent relationship with the carbon isotopic values (-24.7%),
which signals a vegetation with plant mixture, with a predominance of Cs plants (Figure 5).

From the bottom to the top of P2, three phytolith zones were identified (Figure 7), with the following
characteristics:

Zone I (200-110 cm): composed of the 3B ferralic2 and 4BC horizons (Table 1), presents an isotopically
depleted d'3C value of -24.8%o. The assemblage corroborates the isotopic data with a predominance of phytoliths
from arboreal (9% +10.1) and arboreal and shrub plants (37.9% +8.8). Phytoliths from herbaceous plants comprise
28.1% (+45) of the assemblage, with 22.9% (+5.2) being GSCP. Morphotypes from the No defined family group
represent 25% of the assemblage. Notably few charcoal fragments (<1g.kg™') were found in the zone.

Zone 1I (110-20 cm): This zone encompasses part of the Lower Holocene, corresponding to samples from
horizons 3B ferralicc BA and 2AB m dating between approximately 7,100 and 5,775 Cal BP. The identified
phytolith assemblage.
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Figure 7. Relative frequency distribution of phytolith assemblage, phytolith indices and charcoal fragments from P2, in paleogully, Loanda, PR)
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The identified phytolith assemblage is mainly composed of SPHEROID ECHINATE palms (34% +37.9), followed
by 30.7 % (£7.1) of herbaceous plants and 20.1 (£5.8) of indiscriminate trees and shrubs. The remaining 15.2% the
rest are from redundant morphotypes of the No Defined Family group. Among the herbaceous phytoliths, the
GSCP morphotypes represent 29.4% (+8). The calculated indices for phytolith analysis are 1.5 (+2.1) for the D/P
index, 0.2 (0.5) for FS and null for IC and Iph.

Given the variations observed among the assemblage values, this zone was subdivided into:

Zone Ila (110-60 cm): The assemblage is composed of phytoliths from herbaceous plants (33.7%+5.7), trees
and shrubs (25.61 £6.9) and palms (26.1% +26.8). GSCPs represent 27.0 (+6.5) of the assemblage, while 14.6% are
redundant morphotypes with no defined family. The value of °C is -24.1%. and of the indices are 2,2 (D/P) and
0.3 (FS), the others are null.

Zone IIb (60 cm -20 cm): It begins at the end of the Middle Holocene about 5775 cal. BP and presents an
increase of phytoliths of herbaceous plants (33.7% +8.3), marked by the predominance of GSCP. Indiscriminate
tree and shrub morphotypes represent 10.2% (+2.7) of the assemblage, while palm morphotypes show expressive
increase compared to all other zones in this profile (49.0%). Only 7.1% are morphotypes of the No defined family
group. The d3C remained the same as in the underlying zone (-24.1%o). The values obtained for the indices are
1.3 (D/P), 0.4 (ES). The others were null.

Zone III (20cm -10 cm): Corresponds to samples from the upper part of the 2AB horizon, dated
approximately 1925 cal years BP. It shows an increase of phytoliths from herbaceous plants (51.8% +6.9) and of
short cells, mainly Panicoid (21.1%). Phytoliths from palms account for 11.1%, while arboreal and shrubs account
for 31.7% (£9.2). Redundant phytoliths make up 4.5% of the assemblage. The d"*C value is -23%0 and of the
phytolith indices are 0.2 (SD), 0.1 for FS and Iph and null for IC.

3.4. Correlation between phytolith assemblage and charcoal fragments in soil

Charcoal fragments larger than 250um were found at different depths in both soil profiles studied (Figure 8
and 9). In P1, the highest concentration of fragments occurred in B ferralic 1 (4.6 g.kg-1) and B ferralic 2 (1.58 g.kg
1), while in P2, they were found in all sampled horizons, decreasing towards the base of the profile, varying
nonlinearly from 0.14 g.kg' (A horizon) to 0.02 g.kg-1 (BA horizons). Figure 8 presents the distribution of the
sum of woody plant morphotypes, burned phytoliths, and charcoal fragments by horizon. Phytoliths produced
by woody plants (SPHEROID ORNATE and PSILATE and ELIPSOID PSILATE) were found in all assemblages in P1 and
in P2 SPHEROID ORNATE was found only in the litter samples.

Burnt phytoliths were observed up to 300 cm in P1 and only up to 110 cm in P2. Effect of fire (color variation
and deformations in morphotypes) was observed predominantly in phytoliths produced by grasses in both
profiles. The correlation coefficient (Pearson) between charcoal fragments and woody phytoliths was 0.84 (P1)
and 0.72 (P2). When correlated with the burned phytoliths, the charcoals showed values of -0.18 (P1) and -0.34
(P2). The coefficient of determination (R2) was, respectively, for P1 0.59 and 0.08 and for P2 0.69 and 0.20 (Figure
9).

Revista Brasileira de Geomorfologia. 2023, v.24 n.00; ¢2328; DOI: http://dx.doi.org/10.20502/rbg.v24i00.2328 https://rbgeomorfologia.org.br



Revista Brasileira de Geomorfologia, v. 24, n. ESPECIAL, 2023

%
A) Y i
N
oOb ° &
S & s
9 S (@
N SIS
5 S
A& \i\,o A &
& O @ &
B
2317-2225w
|
|
20 40 20 40

A

B ferralic

B)

5896-5653 |

100

125
78467674 |

16 de 25

2AB

3B ferralic

Figure 8. Distribution between woody plant phytoliths, burned phytoliths and charcoal fragments from P1 (A) and

P2 (B), in anomalous features, Loanda (PR).

~ 61 6
2 5] y=o0081 Bferralic 4 5{ «2AB
) R*=0,5878 y = 0,5217x
2 2 4 R*=0,0802
C
£
3 3
P1 2 g
:—; 2| Bferralic2, ... ’ 3 Bferralic 1
o . R ——
£ 11 1
(@] e L ettt .
iR Bferralic 3
; ' é B)"erra'llc 3? BA ' @ .Bfgrrallc 2 f
0 5 10 15 20 25 30 35 0 05 1 15 2 25 3
12 1 12
jd . : y = 0,016x
21,0 - y = 0,0166x « 3Bferralic 10 3Bferralic R*=0,2076
: R*=0,6906
)]
08 08
2
=
£0s 06
P2 o ;
©
04 04
[
§ o 3Bferralic BA, e
8921 A 3pferlie  eBA +4BC e e
5o ] & ZAB ” L2AB
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25

Phytoliths of woody plants (%)

Phytoliths of woody plants (%)

Figure 9. Positive Coefficient of Determination (R?) between charcoal fragments and woody plant phytoliths and
burned phytoliths from P1 and P2, in anomalous features, Loanda (PR).

Revista Brasileira de Geomorfologia. 2023, v.24 n.00; e2328; DOI: http://dx.doi.org/10.20502/rbg.v24i00.2328

https://rbgeomorfologia.org.br



Revista Brasileira de Geomorfologia, v. 24, n. ESPECIAL, 2023 17 de 25

4. Discussion

The studied anomalous feature displays deep and pedogenetically evolved soil profiles in the upstream
sector, where the samples were collected. Considering that soil functions as a reservoir of environmental records
(JANZEN, 2016), it was observed that the studied soils exhibited a range of indicators capable of preserving
memories, both in their undisturbed state (P1) and in the presence of edaphic and geomorphic disturbances (P2).
P1 is an autochthonous soil, developed in situ, from the underlying sandstone, and P2 is an allochthonous soil,
developed from a pre-latosolized colluvial material, transported from upstream by means of processes related to
the evolution of the erosive feature (creep, subsidence, etc.). In P2, the A horizon presents attributes (color,
texture, pH and SOM) similar to the other surrounding soils, a common condition in allochthonous soils and
paleosols (RETALLACK, 2001). In the underlying horizons, pedogenesis, including bioturbation, was effective in
obliterating the macromorphological features of the parent material such as stratigraphy and color, making the
profile more homogeneous. As a result, the macromorphological properties of P2 do not evidence signs of
colluvial processes. However, geochemical and granulometric characteristics still preserve the irregular ordering
of constituents, which reveals its colluvial nature. Two discontinuities were identified in this soil, which was
described at a dissected point, in the upstream sector of the anomalous feature studied. Considering the
described attributes, both profiles were classified as Latossolo Vermelho Eutréfico according to the Brazilian Soil
Classification System (EMBRAPA, 2018), without reference to the colluvial origin of P2. This reference is made
when we use WRB/FAO (2015), which classifies this soil as Haplic Ferralsol (Colluvic). The classification of the
soils already presents the first information regarding the environmental history of the studied feature,
evidencing the occurrence of instabilities in the slopes and their morphogenetic evolution throughout the
Holocene. The *C ages of the SOM delimit the time frame of this analysis, which is limited to about 7,760 years
Cal. BP.

Considering the autochthonous nature of the P1 soil and a profile thickness (>700 cm) it is possible that its
history is older than the Holocene. The soil attributes of P2, on the other hand, indicate two phases of
environmental instability: the first occurred at the end of the Lower Holocene, around 5700 cal years BP, when
the parent material of the 3B ferralic horizon was deposited; the second occurred around 1900 cal. BP, the time of
deposition of the material that constitutes the 2AB horizon, which presents a sandier texture than the rest of the
profile. This texture suggests the presence of an original material poor in clay or that a lateral transformation
system of illuviation would be settling in this profile (OLIVEIRA; SANTOS; CALEGAR]I, 2020). Eluvial horizons,
such as 2AB, are frequent in the northwest region in steeper/dissected sectors of the slopes (CALEGARI, 2000;
NAKASHIMA, 1999; OLIVEIRA; SANTOS; CALEGARI, 2020). Both interpretations can be corroborated by the
lack of phytoliths (sterile phytolith assemblage) in this horizon.

Phytoliths are important markers of paleoenvironmental events, but their preservation in soil/sediments can
be affected by several factors (MADELLA et al, 2013). Coarser textured material, as observed in the studied
profiles, is not an ideal storage condition for phytoliths (FISHKIS; INGWERSEN; STRECK, 2009) and can
compromise their preservation within the soil. This occurs because the low clay and organic matter content, as
observed in the 2AB horizon, compromises the soil structuring (KAMPF; CURI, 2012), which could trap the
phytoliths inside, and protect it from the elution processes in the profile (LI et al., 2020), common in the soils of
the Northwestern region of Parana (OLIVEIRA et al., 2020). Samples without identifiable phytoliths (sterile) are
often associated with the eluviation process in the profile (PIPERNO, 1985), because phytoliths, which have size >
5um, can migrate along with silt and clay to the underlying horizon, as observed in this profile, between the 2AB
and BA horizons and at the base of the 3B ferralic. In this sense, the samples that presented phytoliths are, in
general, concordant with those with higher total carbon (TC) contents, which reinforces the interpretation of
colluvion. According to this interpretation, the horizons that preserve phytoliths would be former buried surface
horizons, already highly weathered and homogenized. It is important to note, however, that this interpretation
should be considered in conjunction with other evidence, such as the geochemical and granulometric
characteristics of the soil, to obtain a more complete picture of the environmental history of the study area.

Profile P1 has typical attributes of the Ferralsols of the Caiua region, with the exception of eutrophication,
which occurs in a smaller proportion in this soil class in the region, according to EMBRAPA (1984). This
characteristic can indicate the cycling of nutrients, such as Ca, that are contributed by the natural vegetation (SSF)
in the superficial horizon of the soils (VITAL et al., 2004). Furthermore, the paleogully area has never been
completely deforested, since at least the 1940s (GOULART; SANTOS, 2014), which suggests that the profile
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developed in situ, without signs of colluvion or reworking. It is the soil that best preserves the biotic memories of
the evolution of vegetation and climate throughout the formation of this feature. The regularity in the vertical
distribution of the attributes of this soil proves its autochthonousness.

The profile presents an isotopic signal of d13C (~-24%o), typical of vegetation composed predominantly of Cs
plants (~79%), indicating the presence of a forest vegetation. Subtle variations in the isotopic values indicate that
there was never a significant vegetation change in this period, as the isotopic variations are always <3%o. A small
gap in vegetation is inferred by the samples between 20 and 30 cm, when the values show isotopic enrichment of
~2%o relative to the over and under samples, which suggests higher contribution of Cs plants (~38%) in the soil
organic matter composition.

The interpretation about the vegetation along the profile is reinforced by the presence, quantity, diversity
and distribution of phytoliths, which were detected up to 300 cm depth. Furthermore, the isotopic data analysis
suggests that the vegetation between 720 and 300 cm depth was similar to the present one, being predominantly
composed of Cs plants, indicating a forested vegetation, but more woody than in the upper part of the profile.
From 300 cm to the top of the profile, the combination of the isotopic and phytolith results allows us to
distinguish three environmental moments.

Zone la presents a forest vegetation, which developed under warmer and more humid climatic conditions
than today, favoring pedogenesis (KAMPF; CURI, 2012). From Zone Ib on, the forest vegetation persists, but
under a significantly colder and drier climate than in the previous period. In this zone it is common to find
charcoal fragments, indicative of fires, which has been observed in studies in the Pleistocene/Holocene transition
in the South and Southeast regions of Brazil (CALEGARI et al., 2013¢c; DE OLIVEIRA et al., 2005; GOUVEIA et al.,
2002; PESSENDA et al.,, 2005; SOUZA et al., 2019). The high correlation between woody plant phytoliths and
charcoal fragments in this profile reinforces the hypothesis that fires occurred and that the vegetation was
predominantly forest for this period.

Zone Il characterizes a transitional phase, with more open vegetation. The charcoals found in this zone give
evidence of a period with fire incidence (PESSENDA et al., 2005). The presence of charcoal fragments, burned
phytoliths and phytoliths of woody plants indicates vegetation with greater forest cover in this phase. A
vegetation with more woody plants is a necessary condition for charcoal formation. However, it is important to
note that the distribution of charcoal fragments can be influenced by several factors. For example, coal particles
can be displaced by gravity or by water and soil mass flows, which can result in accumulation in lower areas of
the landscape. In addition, studies suggest that most of the charcoal in soils located in a top position, as in the
case of P1, reflects the burning of vegetation at the sampling site or in nearby areas (HORN; UNDERWOOD,
2014). Studies conducted in South and Southeast regions of Brazil, and especially in the State of Sao Paulo, have
reported the presence of charcoal lines at depths between 60 and 100 cm, dated between 4,000 and 3,000 years
Cal. BP. (CALEGARI, 2008; GOUVEIA et al., 1999; SOUZA et al., 2019). These deposits are considered important
indicators of vegetation and climate dynamics in the late Holocene.

Although Zone II is characterized by a wetter phase than the adjacent zones, the uneven distribution of
moisture may have allowed fires to occur in the area. This irregularity in moisture is reflected in the FS index,
which marks water stress in grasses. The isotopic and phytolithic data indicate an opening in the vegetation,
which was coming from a phase with occurrence of water stress. The lower tree cover of the soil is a factor that
favors the formation of surface runoff and linear erosive processes (BIGARELLA; MAZUCHOWSKI, 1985;
JUSTUS, 1985) The sandy nature of the soils formed from Caiud sandstone, combined with an irregular
distribution of moisture, may have intensified these processes. This environmental instability may have
contributed to the formation of Zone II, characterized by greater openness of vegetation and incidence of fires,
which can be compared to the current conditions of Cerradao in the Central region of Brazil. Coutinho (1990)
points out that the drier climate and higher temperatures favor the occurrence of natural fires of the vegetation
cover, which propitiates the maintenance of the current Cerrado flora and fauna. This instability initiated in Zone
I is consolidated in Zone III.

In phytolith zone Illa (60-20 cm), the assemblage indicates a subtle reduction of tree cover, with a greater
contribution of herbaceous plants. The phytolith indices suggest a drier and cooler climate than the present and
that of Zone IIla. The *C age of the beginning of this zone, coincides with a drier phase recorded by different
proxies, both in the Northwest region (STEVAUX, 1994; STEVAUX; SOUZA FILHO; JABUR, 1997), and in the
South and Southeast regions (CALEGARI et al.,, 2013a; DE OLIVEIRA et al,, 2005; PESSENDA et al., 2005;
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SOUZA et al., 2019). The transition between the Middle and Upper Holocene was also indicated as a drier period
by Souza et al. (2019) in a SSF fragment in southwestern Sao Paulo. In this region, the forest underwent a more
significant opening in this period, which has been interpreted as the period when Cerradao has installed.

Zone IIIb is characterized as the driest and coldest of the profile and accords with a probable resumption of
incision of the studied paleogully (anomalous feature), whose beginning seems to have been in the Pleistocene by
Goulart (2020). The isotopes and phytolith assemblage indicate this drier phase. Previous studies with phytoliths
in the central region of Sao Paulo state indicate a dry phase at the end of the Middle Holocene, when Cerrado
vegetation would have been established, preceding the formation of the current SSF (SOUZA et al., 2019). The
interpretation of the data suggests that the current SSF would have started its formation around 400 cal years BP.
In a broader analysis it is found that the period of Zone IlIb coincides with the Bond Cycle 1, a 1500-year event
that has been recorded as a cooler and wetter period in the North Atlantic (BOND et al., 1997, 2001), with
correspondences of Bond Cycles 1, 2 and 3 in Antarctica (GANOPOLSKI; RAHMSTOREF, 2001). In Brazil,
however, these cycles are still poorly documented.

P2, of colluvial origin, provides relevant information for reconstructing the paleoenvironmental conditions
of the study area. It is important to emphasize the low frequency of phytoliths and phytoliths of grasses of the
subfamily Chloridoideae and Pooideae, besides the absence of a diagnostic phytolith morphotype of woody
angiosperms, such as SPHEROID ORNATE, in Zone II. These morphotypes are relatively small (<50pum) and may
have been affected by taphonomic processes that led to their destruction or redistribution (by eluviation process)
in the profile, as discussed in other studies (CORDOVA; SCOTT, 2010; RUNGE, 1999). Based on the isotopic data,
it was found that the predominant vegetation during the Lower Holocene was composed of C3 plants. Although
the sterile samples in phytoliths limited the accuracy of the isotopic data, the recovered assemblages allowed us
to infer the presence of a forest vegetation in Zone I, which corresponds to the period prior to about 7,700 y cal.
BP (Lower Holocene).

The conditions observed in this zone agree with the current literature, which indicates humid climatic
conditions in the northwestern region of Parana in the Middle Holocene (STEVAUX, 1994). On the other hand,
studies in Cerrado and SSF areas show that the Southeast and Center-West regions experienced drier conditions
in the Middle Holocene, promoting vegetation change (PESSENDA et al,, 1996). In other regions, this change
would have occurred around 3,500 - 3,000 “C years BP in Botucatu, Anhembi, and Pirassununga (SCHEEL-
YBERT et al., 2003); after 4,000 14C years BP in Jaguaritina (GOUVEIA et al., 1999); after ~3,000 *C years BP in
Piracicaba and Londrina (PESSENDA et al., 1996); after 2800 cal. years BP in Assis (KAMMER, 2018); around
3,000 years cal. BP in Gaia/Alvilandia (SOUZA et al., 2019) and about 4,610 - 4,010 *C years BP in Mato Grosso
do Sul (STEVAUX, 1994).

Zone 1I, which presented a greater number of samples with phytoliths, indicates a more expressive arboreal
cover and occurrence of hidric stress (FS) and charcoal fragments, mainly in Zone Ila. However, the
interpretation of subzones II is hampered due to the signs of colluvion and evidence of translocation in this part
of the profile, which makes it impossible to discuss these subzones in this paper. In Zone III, the environmental
condition is like Zone IIIb of P1, but with a shorter development time. It is noteworthy in this zone the large
amount of taphonomized phytoliths, suggesting more aggressive environmental and edaphic conditions for the
integrity of the assemblage incorporated to the soil, which makes it difficult to discuss the environmental
significance of these samples.

In light of the foregoing, considering the regional denudation rates and the anomalous features of Loanda, it
is possible to infer that the drier conditions of Zone III, of both profiles, early in the Middle to Upper Holocene
transition, created an environment that, although not dry enough to promote an exchange of vegetation, caused
its opening. The evidence of periods of hidric stress suggests that there was a greater concentration of rainfall at
times. Additionally, the sandy nature of the soils derived from the Caiud sandstone, deep and highly weathered,
as suggested by the morphological, physical and geochemical attributes of these soils, together with a little
dissected relief, establish a favorable scenario for the development of erosive processes, which may have acted in
the expansion of the paleogully under study. In the literature, concentrated rains on uncovered soils are
considered as triggering factors for the development of large gullies in a few hours or days in the Northwest
Parana (BIGARELLA, MAZUCHOWSK], 1985: MAACK, 2002).

The formation of large gullies is reported as a mechanism of morphogenetic evolution in Northwestern
Parana since the late Pleistocene. Bigarella and Mazuchowski (1985) emphasize that these processes are a
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response to the climatic instabilities imposed during this period, especially in the region where the sandstone of
Caiua Group occurs. According to these authors, after the Last Glacial Maximum, humid conditions would have
installed themselves in the region, promoting a general dissection of the landscape and drier phases conditioned
extensive solifluxion processes, generating rudaceous paleopavements, sediment deposition in floodplains and
formation of floodplain terraces. Based on the data obtained at Loanda, it is suggested that the process that
would have intensified the evolution of the G3 paleogully was related to the wet period, which began about 1000
years Cal. BP and lasted until the stabilization of conditions similar to today's, approximately 400 years Cal. BP.
and lasted until the stabilization of conditions similar to today, approximately 400 years Cal. BP. This process
would have promoted the advance of the forest over the slopes of the feature, which led to the stabilization of the
slopes and maintenance of the forest until the present day, when the use and occupation in the surroundings of
the feature would be triggering a new phase of instability by accelerated erosion.

5. Conclusion

Analysis of the isotopic composition of the SOM and phytolith assemblage in the Loanda G3 paleogully area
indicated predominance of Cs plants in the last ~7,700 cal years BP and that the vegetation has always been
forested, with opening phases associated with drier periods in the Middle Holocene and cooler periods in the
Upper Holocene.

The changes in moisture and the opening of the vegetation, along with the sandy nature of the soil about
2,200 cal years BP, contributed to the intensification of erosional processes that formed the anomalous feature, as
well as the others, preserved in the landscape. The present SSF was established in the last ~400 cal years BP.

Regarding the paleogully G3 at Loanda, we conclude that its enlargement is related to an environment with
more open vegetation and drier climate than the present one during the Middle to Upper Holocene transition.
The increase of humidity in the upper Holocene (post ~1,500 cal. years BP) may have favored the intensification
of the erosive process and its subsequent stabilization due to the advance of the forest over the slopes of the
feature, already with kilometer dimensions, preserved in the landscape until the present days. However, the
morphogenetic instability at the edge of the feature affected the pedogenetic development of P2, which presents
an ancient colluvial phase (Middle Holocene), changing the distribution of the proxies in the profile, especially
the phytoliths, compromising the paleoenvironmental interpretation.
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