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Abstract

The report investigates how Terra Preta influences soil physical and chemical
properties, nutrient dynamics, and vegetation vitality in a syntropic agroforestry
system near Bronte, Sicily. Two long-term observation areas (LTOA) were
established to compare an olive grove amended with Terra Preta to an
extensively managed reference plot. Soil samples were analyzed for texture,
nutrient availability, organic matter, and cation exchange characteristics (CEC),
while Normalized Difference Vegetation Index (NDVI) calculations were used to
assess canopy vigor development. The results show that Terra Preta shifts soil
texture toward a more balanced loam-clay composition, increases organic
carbon and total nitrogen, and substantially enhances plant-available
phosphorus and micronutrients. NDVI analyses reveal consistently higher
vegetation vitality in Terra Preta plots during spring months, indicating improved
plant performance under semi-arid conditions. Together, these findings highlight
the potential of Terra Preta to enhance soil fertility, water-nutrient interactions,
and drought resilience. The establishment of long-term monitoring plots provides
a foundation for future ecological assessments and supports the development of

sustainable land-management strategies in drought-prone agroecosystems.



Content

INEFOAUCTION.....ce e ssnennnnennnee 4
Methods and Materials..............uuuuueiii e 5
SHUAY SCOPE ettt e e e e e e e e e e a e e e et 5
ODbSErvation PIOLS.........ciiiiiiiiiiiiiiiiiieieeeeeeeee e 6
TOITA Preta. .. .o e 7
Experimental Design ........cooo oo 8
Soil Sampling for Laboratory analysis ............ceoiiiiiiiiiiiiicic e 11
Laboratory ANalYSiS.........ooo oo 13
Normalized Difference Vegetation Index (NDVI)..........c.oooiiiiiiiiiiiiicee e, 13
Data ACQUISITION......ceie e e 14
Data Preparation ........ oo 14
NDVI CalCUIBTION ... 15
ViSUAlISALION ...ccoiiiiiii 15
RESUIES ... 15
Physical Component ANAlYSES .........oooiiiii i 15
Textural @nalYSES.......cuu i 15
Electrical CONAUCTIVILY..........uuiiiiiiiiiiiiiiiiiiiiiiiiiii bbb naeaeanaee 16
Chemical Component ANAIYSES .......coiiieiiiiiiiiceei e 17
SOOIl PH e e 17
Organic Carbon and Organic Matter ... 17
TOtal NIEFOGEN ..o e e e ettt e e e e e e eeenees 18
Total and Active CaCO3 ... 19
Cation Exchange Capacity (CEC).....ccoooiiiiieeeeeeeeeeeeeeeeeeeeee e 19
Exchangeable Base Cations (Ca, Mg, K, Na) .........uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiis 20
C/N and M/K RatioS .....ccoeeeeeeee e 21
Available P, F&, MN, CU, ZN .....ouieeeeeee e 21
NDVI @NAIYSIS ....ieeeeee et e e e e e e e ettt a e e e e e e e eeeaatn e e e e e eeeeeannes 22
Temporal Scope of the Analysis .........coovviiiiiiiiiiiee 23
SEASONAI FOCUS ... 23
JANUANY oo 24

Y o ) 4 | PP 25

1Y = PRSP 26
JUNE 27
NDVI Patterns and Soil Data ............coooiiiiiiiiiiiie e 27



LimITAtIONS NDV I ..o e e e 28

Long-term soil ecological development ... 29
Implications for olive trees, fruit growth, and yields.............ccccoiiiiiii i 30
Improving management Strategies .........cooooee oo 31
CONCIUSION ...ttt e et e e e e e e et r e e e e e e e e 32
LITEIATUIE ... 34
F Y o] o1=T a0 [ PP 36
Giacche Verdi Field Data ...........coovviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeee 36

List of Figures

Figure 1 Precipitation and temperature in Bronte (meteoblue, 2014) ...........cccccceeeeee. 5
Figure 2: Study SCOPE - LTOA. ...t e e e e e e eaaaes 6
Figure 3: Observed Agroecosystem PlOtS.............oouiiiiiiiiiiiicee e 7

Figure 4: Topographic map of Sicily, elevation, relief, imagery; (ESRI; topographic-

MAP.COM, 2025) ...t ittt e e e e e et e e et a et e e e eeeeeatts e e e eaaeeeeesssnnaaaeaaeeeesnnes 8
Figure 5: Terraced olive grove A and Simeto river, 05.11.2025, Louisa Wilhelm........... 9
Figure 6: General workflow of soil sampling based on LfL ............ccccoiiiiiiinnn, 10
Figure 7: Sample Collection using Star method, 25.11.2025, Louisa Wilhelm.............. 11
Figure 8: Sample Collectio, 25.11.2025, Louisa Wilhelm ...........ccccoeeiiiiiiiiiiiiiieeee 1
FIgure 9: SOIl TEXIUIE ......uuieiiiiii e 16
Figure 10: pPH COMPAIISON........uuuiii e e e e e e e e aer e e e eeees 17
Figure 11: Organic carbon and Organic matter comparison..............ccccccuveeveeiiinnnnnnns 18
Figure 12: Total nitrogen ComMPariSON...........cooiiieiiiiiiiie e 18
Figure 13: Total and active CaCO3 COMPAriSON ............uuuuuuummmmmmmninninnnnnnnnnennnnnnnnnnnnnnes 19
[ To 18] T 7 S O = @ o7 1 o] 0 ¥- 15 T o 1 20
Figure 15: Exchangeable Ca, Mg, K, Na compariSon............ccccccuummmmmmmmmmmmnnnnininnnnnnnnns 21
Figure 16: C/N, mg/K ratio COMPAriSON ..........uuuuuuuiuniiiiiiiiiiiiiiiiieeinnnnnennnnenneeeeeeeeennnnnnne 21
Figure 17: Available P, Fe, Mn, Cu, Zn COMPAriSON ............uuuuuumumumnnnennnnennnnnnnnnnnnnnnnnnes 22
Figure 18: NDVI January 2023-2025.........cccoouiiiiiiiieeeeeiiiiee e 24
Figure 19: NDVI April 2023-2025 .......cooiii i 25
Figure 20: NDVI May 2023-2025 .......cooiiiiiiiiiiiieee e 26

Figure 21: NDVI June 2023-2025 .........ccoiiiiiiiiiiiie et 27



Introduction

In view of the continuing rise in greenhouse gas emissions and the associated
consequences of climate change, agriculture in Europe faces ongoing
challenges such as heavy rainfall events, elevated temperatures and the
presence of tropical cyclones (Lee et al.,, 2023; Lee et al.,, 2023). In the
Mediterranean basin, it is primarily droughts that are increasing because of the
steadily rising global average temperature (Lee et al., 2023). These issues pose
a significant challenge to the future of agriculture and the livelihoods of farmers.
Mediterranean olive landscapes are experiencing accelerating soil degradation
and water stress due to the combined pressures of climate change, recurrent
drought, and management practices that leave soils bare on sloping terrain
(Ferreira et al., 2022). Severe runoff and erosion in orchards deplete soil organic
carbon and nutrients, undermining infiltration and long-term productivity (Gémez
et al., 2009). These trends are amplified by a documented increase in soil-
moisture drought across the region, heightening vyield volatility and irrigation
pressur. Within this context, Terra Preta - locally produced biochar blended into
organic substrates - has emerged as a promising agroecological lever:
Mediterranean trials in olive systems report improved soil water-holding, better
plant water status, and enhanced fertility, with context-dependent yield gains (De
la Rosa et al., 2022; Fornes et al., 2024). In parallel, biochar’s recalcitrant carbon
offers co-benefits for carbon farming in Mediterranean soils (Nogués et al.,
2023)). The objective of this case study in the Giacche Verdi agroforestry fields
(Bronte, Sicily) is therefore to assess how Terra Preta influences water and
nutrient cycles and canopy vigor in extensive olive culture, and to clarify the
pathways by which these changes can help local farmers improve yields and soil

conditions sustainably.

Despite the execution of individual parameter studies, there is a necessity for
long-term, integrated monitoring of the most significant soil parameters for the
management of agricultural land use types like agroforestry systems. This long-
term observation will provide a more profound comprehension of the coupled
soil-water-plant system in the Mediterranean climate and the repercussions of
climate change over the ensuing decades. To address this need for integrated,
long-term  monitoring of soil- plant interactions in Mediterranean
agroecosystems, two permanent long-term observation areas (LTOA) were
established. These plots provide a standardized basis for repeated soil sampling,
laboratory analyses and remote-sensing assessments using the Normalized

Difference Vegetation Index (NDVI). By combining field-based soil data with



multispectral vegetation monitoring, this study seeks to improve understanding
of how Terra Preta may enhance soil ecological functioning, support drought
resilience and contribute to sustainable land management under Mediterranean

climate conditions.

Methods and Materials

Study scope

The study area for this research is located in Sicily, one of the driest regions in
Italy. It is the largest of Italy’s islands and has a typical Mediterranean climate,
with hot summers and mild, short winters. Precipitation is low throughout the

year, increasing slightly from October to March (meteoblue, 2014).
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Figure 1 Precipitation and temperature in Bronte (meteoblue, 2014)

Nevertheless, periods of drought often occur during which water demand cannot
always be met in some regions (Aschale, Palazzolo, Peres, Sciuto, &
Cancelliere, 2023; Salsi et al., 2025). According to the Department of Territory
and Environment, Agriculture, and Forestry of the Region of Sicily, a large part
of the island is at increased risk of desertification (SIAS - Servizio Informativo
Agrometeorologico Siciliano, 2025). Nevertheless, the Mediterranean climate
has enabled the long-term cultivation of olives, pistachios, citrus fruits, wine and
fodder crops on the island. The region's volcanic activity has resulted in a
particularly fertile soil, which has become renowned for its extensive cultivation
of pistachio, almond and olive trees (Salsi et al., 2025, p. 3). Furthermore, Sicily's

agricultural landscape is influenced by a topographical diversity, marked by the



alternating presence of hills and plains. It is due to this distinctive geographical
feature that a significant proportion of the fields and groves are found to be
terraced. The plots are located at an elevation of 439 to 470 meters. This has
resulted in an escalation in erosion and the displacement of nutrients (Graichen,
Kramer 2025). The soil is geomorphologically influenced by the Etna volcano,
without visible volcanic rock. Furthermore, the area is located in close proximity
to the Simeto River, which is the second longest river in Sicily. It originates in the
Nebrodi Mountains in the north-eastern region of the island, subsequently
flowing into the lonian Sea in the vicinity of Catania (Alessandro Rippa, 2024). A
portion of the land has previously been subject to intensive agricultural practices,
but since occupation transformed into extensive agroecological land use
practices (view appendix 1). Giacche Verdi has already initiated the process of
fertilizing a portion of the land with self-produced terra preta in 2023 and again
in 2025. The area is a syntropic agroforestry system comprising olive, pistachio
and almond trees, alongside partial undergrowth consisting of other crops like
lentils, chickpeas, barley and oats (resown every year). The predominant soil
types here are volcanic, mainly leptosols, cambisols, regosols and andosols
(Fantappié, Priori, & Costantini, 2015).

Figure 2: Study scope - LTOA

Observation Plots

The aim of this report is to establish and document two long-term observation

areas (LTOA) on an agroforestry system near Bronte, Sicily. The plots are



selected to represent similar sizes (~0,5 ha), tree species composition of
primarily olives and comparable slope length and gradient for consistency. This
is intended to ensure a scientifically uniform basis for future data collection on
the site. The areas will be used to continuously monitor the physical and
chemical soil composition, as well as monitoring overall plant health using the
Normalized Difference Vegetation Index (NDVI) as an indicator. Plot one has
already been fertilized with Terra Preta and should therefore provide information
about the influence of terra preta on soil parameters. The study will also
characterize the interactions between ecological composition, soil health and
corresponding yields. The data also facilitates an assessment of the impact of
pollution on soil, plants, animals, and thus also on humans. Moreover, the study
seeks to draw parallels between diverse agricultural methodologies and their

repercussions on soil ecology in the Mediterranean region.

Figure 3: Observed Agroecosystem Plots

Terra Preta

The term 'terra preta' is a Portuguese term given to 'anthropogenic dark earths'
(ADE), which are soils that have been created by the deliberate addition of
organic matter, most notably by human activity. These soils first began to appear
in the prehistoric central Amazon region. In contrast to the typical soil conditions
prevalent in this region, ADE soils exhibit a high nutrient content. This

phenomenon can be attributed to the biochar present in the soil, which has been



there for approximately 2000 years (Gross, Tahery, Joseph, & Glaser, 2025).
The Terra Preta used in the sampling areas is produced by the Giacche Verdi
organization through a process involving the mixing of animal excrement with
biochar and soil. Biochar is derived from the pyrolysis of plant residues
originating from agricultural fields, including those from pistachio, olive, and
almond trees (Schnabel, 2022).

Experimental Design

The area for the permanent observation plots was selected based on local
conditions representing the region. There are two separate permanent
observation areas, measuring approximately 0.44 ha (A) and 0.5 ha (B)
respectively. These are two extensively cultivated olive groves (A, B). One of the
olive groves was additionally fertilized with terra preta. This enables a
comparison to be made between the effects of different farming methods on soil
quality and nutrients. Both areas are terraced due to the slope and there is a

gradient of several meters (see figure 2). They are located approximately 450m

above sea level (topographic-map.com, 2025).

Figure 4: Topographic map of Sicily, elevation, relief, imagery; (ESRI; topographic-map.com, 2025)



Figure 5: Terraced olive grove A and Simeto river, 05.11.2025, Louisa Wilhelm

The equipment required includes a spade, a drill rod, a measuring tape, a GPS
tracker, buckets for samples and composite samples, possibly barrier tape or
fencing, and suitable work clothing. This study examines two long-term
observation areas: an extensive olive grove with terra preta fertilization and an
extensive olive grove without terra preta fertilization. There will be one composite

sample per area (2 samples in total).



Soil sampling (Star method)

Obtain equipment
01 = spade # buchets for samples
= measuring tape = passibly barrier tape or fencing
= GPS tracker » gultable work clothing

Create sample areas

02 = imark a homogeneous round area with the same Dype af
cultivation and the size of up to Tha

= track the centre point with a GPE tracker and write down
the coordinates

= distribute 5 palnts on the outer radius, starting from the
point at the center of the circle

Sample collection
03 Trg wieww of Sald

= lakes placa aftar harvasting
and before fertilizing for the
subseguent crop (usually
autumn}

= sampling depth: 15-20 cm

# g0l shoukd be moist (neither .
wet nor dry)

= take 5 samples in tatal
across the star shape (each
sample ko)

= mix samples to obtain one . L
composite sample of Skg -

Laboratory analysis

04 = labal bag with a waterproof and smudge-proof pen
= transport bag upright in a transport containes (sturdy
cardooand bow, crate) to the labaratory or send them by mall

Figure 6: General workflow of soil sampling based on LfL
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Figure 7: Sample Collection using Star  method, 25.11.2025, Louisa Wilhelm

Figure 8: Sample Collectio, 25.11.2025, Louisa Wilhelm

Soil Sampling for Laboratory analysis

This method is broadly based on the guidelines for soil sampling issued by the
Bavarian State Research Center for Agriculture (German: Bayerische
Landesanstalt fiir Landwirtschaft (LfL)). The following page contains a simple
template for recording soil sampling data. It is important to document the most
significant parameters and results of each analysis. Basic monitoring of soil

nutrients should take place every 2-3 years.



Soil Sample Protocol

Date: Time:

Name:

Project:

Organization

Location:

(Coordinate

s)

Target

parameters:

Equipment:

Number of
composite

samples:

Visible
characteristi
cs:
(e.g.: soil
color,
substrate,

roots)

On-site
measureme
nts:

(e.g.: soil
temperature,

moisture,
pH)

Laboratory

results:




Laboratory Analysis

Soil samples from the study area in Bronte (Sicily, Italy) were collected and submitted to
a certified local laboratory (Agro.Biolab Laboratory S.r.l., Rutigliano, Italy) for
physicochemical analysis. The samples were air-dried, sieved, and analysed according
to standardized methods as defined in D.M. 13/09/1999 and subsequent updates.
Particle size distribution (sand, silt, clay) was determined to classify soil texture, while
pH and electrical conductivity were measured in aqueous extracts. Carbonate content
(total and active CaCOs;) was quantified volumetrically. Organic carbon and organic
matter were determined using wet oxidation methods, and total nitrogen was assessed
via Kjeldahl digestion. Exchangeable cations (Ca, Mg, K, Na) and cation exchange
capacity (CEC) were measured following ammonium acetate extraction. Plant-available
nutrients (P, Fe, Mn, Cu, Zn, B) were determined using standard extraction procedures
appropriate for calcareous soils. All analyses were conducted under controlled laboratory

conditions, and results refer exclusively to the submitted samples.

Normalized Difference Vegetation Index (NDVI)

Remote sensing has become an important tool for monitoring vegetation dynamics in
water-limited agricultural landscapes, particularly as climate change intensifies drought
frequency and severity across the Mediterranean basin. Vegetation indices derived from
multispectral satellite imagery provide a consistent, scalable means of assessing canopy
health, photosynthetic activity, and stress responses over time (Pettorelli et al., 2005, p.
3). Among these indices, the Normalised Difference Vegetation Index (NDVI) is a widely
used spectral index for assessing vegetation vitality, canopy density and photosynthetic
activity. It is based on the contrast between red and near-infrared reflectance, using the
physiological properties of green vegetation, which absorbs visible red wavelengths for
photosynthesis while strongly reflecting near-infrared light due to internal leaf structure
(Tucker, 1979; Pettorelli, 2013). NDVI values range from -1 to +1, with higher values
indicating vigorous vegetation and lower values corresponding to bare soil, senescent
vegetation or water bodies.

In the context of this study, NDVI serves as a complementary dataset to the soil sampling
results. By comparing vegetation vitality across plots treated with terra preta and those
managed extensively without terra preta, NDVI provides an additional line of evidence
for evaluating whether the influence of terra preta helps plant vitality under the semi-arid
conditions characteristic of Sicily (Aschale, Palazzolo, Peres, Sciuto, & Cancelliere,
2023; Salsi et al., 2025).



For accessibility the free geographic information system software QGIS is used

to calculate and analyse the NDVI data.

Data Acquisition

Sentinel-2 Level-2A surface reflectance imagery was downloaded from the
Copernicus Open Access Hub. These products include atmospherically
corrected reflectance values and the Scene Classification Layer (SCL), which
identifies clouds, shadows and other artefacts that may compromise spectral
analysis (Drusch et al., 2012). The filter was set to the region around Bronte,
Sicily and using 10% cloud cover or less. Data could not be acquired for every

month, but most months had at least one dataset available.

For NDVI calculation, two spectral bands were used:
* Band 4 (Red, 665 nm, 10 m resolution)
* Band 8 (Near-Infrared, 842 nm, 10 m resolution)

Only scenes with minimal cloud cover were selected to ensure reliable
comparison across years 2023, 2024 and 2025

Data Preparation

The Sentinel-2 bands were imported into QGIS, where a high-resolution
basemap was added for spatial orientation. The shapefile of the LTOA prepared
by Nicolas Hasler was used to spatially constrain the analysis. All layers were
checked for coordinate consistency using UTM Zone 33N (EPSG:32633), which

is appropriate for eastern Sicily.

Preprocessing steps included:
* Cloud masking using the SCL layer to remove cloud-affected pixels.
* Resampling all relevant bands to 10 m resolution.
* Clipping the imagery to the field boundaries using the shapefile.
» Masking individual plots to enable plot-level NDVI extraction.

These steps ensured that NDVI values were derived from consistent, high-quality



reflectance data.

NDVI Calculation

NDVI was calculated using the QGIS Raster Calculator with
Ny — VIR — RED

the standard formula: "~ NIR +RED

In QGIS syntax:

("[BO8_Name] @1" - "[B04_Name]@1") / ("[B0O8_Name]@1"
+ "[B04_Name]@1") The resulting NDVI raster was exported as a
GeoTIFF file for further analysis.

Visualisation

The NDVI raster was visualised using a pseudocolour
gradient from red to green: » —0.2 to 0.2 (red): bare soil or

stressed vegetation

* 0.2 to 0.4 (brown): sparse or moderately stressed vegetation
* 0.4 to 0.6 (light green): healthy vegetation
» >0.6 (green): dense, vigorous vegetation

This visualisation facilitated the identification of spatial patterns in vegetation

vitality across the terraced agroforestry system.

Results

Physical Component Analyses

Textural analyses

Textural analyses of the two soil samples revealed clear structural differences
that provide important context for interpreting subsequent chemical
measurements. The extensive agricultural soil consisted of 42% clay, 34% silt,
and 24% sand, placing it within the argilloso (clay-rich) textural class according
to the ltalian classification system. This high proportion of clay indicates a dense
and cohesive substrate with elevated potential for water retention, cation
adsorption, and limited hydraulic conductivity, characteristics typical for heavier

agricultural soils.



In contrast, the Terra Preta sample exhibited a reduced clay content (32% clay,
30% silt, 38% sand), classifying it as franco argilloso, corresponding to a loam-
clay texture. The higher sand fraction relative to the extensive soil reflects a
coarser and more friable matrix, known to support improved aeration, infiltration,
and root penetration. Despite the lower clay content, Terra Preta retains a
sufficient proportion of fine particles to maintain nutrient-holding capacity, while
likely benefiting from the physical influence of organic carbon and charcoal
fragments characteristic of Amazonian anthropogenic soils.

ek
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Figure 9: Soil Texture

Together, these results illustrate a physical shift from a heavy, clay-dominated
agricultural soil towards a more balanced loamy texture in Terra Preta, with

implications for biological functioning and nnutrient mobility

Electrical Conductivity

Electrical conductivity (EC) differed markedly between the two soils, reflecting
contrasting availability of dissolved ions. The extensive soil displayed a
conductivity of 0.86 mS/cm, consistent with values typical for cultivated mineral
soils maintained under low-input conditions. The Terra Preta sample, however,
exhibited a substantially higher conductivity of 1.13 mS/cm. This increase
suggests that Terra Preta contains a greater concentration of soluble salts and
plant-available nutrient ions, supporting the view that this soil is chemically

enriched.

Although elevated EC may, under some conditions, indicate developing salinity
stress, the values measured here remain well below commonly accepted
thresholds for negative agronomic effects. Instead, the higher EC of Terra Preta
likely reflects enhanced nutrient cycling and mineralization, facilitated by its
elevated organic matter content and improved pore architecture, rather than an

accumulation of harmful salts.



Chemical Component Analyses

Soil pH

Both soil samples exhibited alkaline soil reactions. The extensive soil displayed
a pH of 7.65, while Terra Preta measured 7.57, indicating only a marginal
difference.

These values fall within a weak alkaline range typical of Mediterranean
agricultural soils, where carbonate-rich parent materials and limited leaching

contribute to basic conditions.

pH in Extensive vs Terra Preta Soils

8 7,85 7.57

Soil type

pH

Extensive Soil
. Terra Preta Soil

Figure 10: pH comparison

Organic Carbon and Organic Matter

Organic parameters revealed the first clear divergence between the two soils.Terra
Preta contained 0.85% organic carbon and 1.47% organic matter, compared to 0.77%
and 1.33% in the extensive soil. Although modest in absolute magnitude, these values
represent an ~10-15% enrichment in Terra Preta.

Given that organic matter is a primary driver of microbial activity, nutrient retention, soil
structure, and cation exchange, this increase is consistent with the observed higher
levels of available nutrients in Terra Preta and reflects a greater degree of soil biological
development.



Organic carbon and Organic matter in Extensive vs Terra Preta Soils
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Figure 11: Organic carbon and Organic matter comparison

Total Nitrogen

Total nitrogen content mirrored the pattern observed for organic matter. The Terra Preta
sample contained 1.88%o nitrogen, substantially higher than the 1.47%o. measured in the
extensive soil. This enrichment likely results from greater organic inputs, biological
nitrogen cycling, and potentially charcoal-associated nitrogen fixation typical of
anthropogenic dark earths. Higher nitrogen availability provides a key foundation for

increased soil fertility and plant growth potential in Terra Preta relative to the extensive

soil.
Total nitrogen in Extensive vs Terra Preta Soils

2.0 188
o 1,47
@ Soil type
(o]
o Extensive Soil
=10
£ . Terra Preta Soil
]
©°
|_

05

0.0

Total nitrogen

Figure 12: Total nitrogen comparison



Total and Active CaCO3

The carbonate fraction of both soils was nearly identical. Total CaCO; in the extensive
soil measured 13.3%, compared to 13.2% in Terra Preta. Similarly, active CaCO;
fractions differed only marginally (8.29% vs 7.26%, respectively). These results
demonstrate that carbonate availability and buffering capacity are comparable between
the two soils and do not influence the divergent nutrient dynamics. The consistency in
CaCO; confirms that differences in cation balance and nutrient release arise from

organic enrichment and clay mineral activity rather than carbonate.

Total and Active CaCOa3 in Extensive vs Terra Preta Soils
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Figure 13: Total and active CaCO3 comparison

Cation Exchange Capacity (CEC)

CEC values in the two soils were also similar but reflect the influence of texture and
organic matter. The extensive soil demonstrated a slightly higher CEC (32.7 meq/100 g)
than Terra Preta (31.0 meq/100 g), corresponding to its greater clay fraction. However,
the smaller difference than texture alone suggests that organic matter compensates for
reduced clay in Terra Preta, helping sustain cation retention capacity despite coarser

texture.



CEC in Extensive vs Terra Preta Soils
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Figure 14: CEC comparison

Exchangeable Base Cations (Ca, Mg, K, Na)

Strong differences emerged in individual exchangeable elements. Calcium was the
dominant cation in both soils (4930 mg/kg in extensive soil; 4740 mg/kg in Terra Preta),
consistent with carbonate-rich mineralogy. However, Terra Preta contained noticeably
higher levels of potassium (680 mg/kg) and sodium (564 mg/kg) than the extensive soil
(633 mg/kg and 456 mg/kg, respectively). Magnesium showed the opposite trend (525
mg/kg in the extensive soil vs 450 mg/kg in Terra Preta), consistent with lower clay
content in Terra Preta.Together, these differences point to enhanced K and Na

accumulation in Terra Preta, likely mediated by organic matter turnover and char-

amended mineral surfaces.



Exchangeable Ca, Mg, K, Na in Extensive vs Terra Preta Soils
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Figure 15: Exchangeable Ca, Mg, K, Na comparison

C/N and Mg/K Ratios

Ratio-based indicators reinforce observed trends. Terra Preta exhibited a lower C/N ratio
(4.53) than the extensive soil (5.24), implying more rapid nitrogen mineralization and
greater biological turnover. Similarly, the Mg/K ratio was lower in Terra Preta (2.13 vs
2.66), reflecting relatively enhanced potassium availability. These patterns highlight that
Terra Preta supports a more dynamic and nutrient-rich soil environment, with

implications for plant nutrition and microbial functioning.

C/N and Mg/K ratios in Extensive vs Terra Preta Soils
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Figure 16: C/N, mg/K ratio comparison

Available P, Fe, Mn, Cu, Zn

The most pronounced chemical differences appeared among plant-available

micronutrients and phosphorus. Terra Preta contained dramatically elevated



available phosphorus (85.0 mg/kg), nearly eight times the value observed in the
extensive soil (10.4 mg/kg). Similarly, Terra Preta displayed moderate increases
in Fe (26.4 mg/kg), Mn (24.4 mg/kg), Cu (0.17 mg/kg), and Zn (4.23 mg/kg)
compared to the extensive soil. These findings are consistent with the known
properties of Terra Preta, where char fragments, ash residues, and biological
cycling enrich nutrient stocks and reduce fixation. The strong enhancement in P
underscores the long-term fertility build-up associated with anthropogenic soil

development.

Available P, Fe, Mn, Cu, Zn in Extensive vs Terra Preta Soils
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Figure 17: Available P, Fe, Mn, Cu, Zn comparison

Taken together, the chemical analyses reveal a consistent pattern: Although the Terra
Preta soil does not differ markedly from the extensive soil in pH, carbonate content, or
CEC, it contains substantially greater pools of plant-available nutrients and biologically
active organic matter. This chemical enrichment aligns with the textural and organic
characteristics described above and supports the interpretation of Terra Preta as a

structurally improved and nutritionally superior soil system.

NDVI analysis

The NDVI analysis in this study serves as a complementary line of evidence to
the soil sampling results, enabling an integrated assessment of how Terra Preta
influences both belowground and above-ground ecosystem processes. While
laboratory analyses provide detailed insights into soil texture, nutrient availability,
and organic matter dynamics, NDVI offers a spatially continuous and temporally
explicit indicator of canopy vigor and photosynthetic activity (Tucker, 1979;
Pettorelli, 2013). By combining these datasets, it becomes possible to evaluate

whether the improved soil conditions observed in the Terra Preta plot translate



into measurable differences in vegetation vitality.

Temporal Scope of the Analysis
The NDVI analysis covers the years 2023, 2024, and 2025, reflecting key stages

in the implementation of Terra Preta at the study site:

* 2023 serves as the baseline year, representing vegetation

conditions prior to major Terra Preta application.

+ 2024 represents the first full year after the initial Terra Preta

amendment, allowing early treatment effects to be detected.

» 2025 includes the second Terra Preta application and thus captures
potential cumulative or compounding effects on vegetation

vitality.

This three-year sequence enables the identification of both immediate and
longer-term vegetation responses to Terra Preta under real Mediterranean field

conditions.

Seasonal Focus

The analysis is restricted to January through June (Q1-Q2) for methodological and

ecological reasons:

This period encompasses the main vegetative growth phase of olive trees,
during which soil moisture availability is highest and canopy development is most

active.

Focusing on the same seasonal window each year ensures comparability
across climatic conditions, reducing the influence of extreme summer drought

on NDVI values.

Excluding the peak summer months minimizes confounding effects of severe
water stress, which can mask treatment-related differences and lead to NDVI

saturation or decline unrelated to soil quality (Gitelson, 2004).

By concentrating on the pre-summer growth period, the analysis isolates the

vegetation response most directly linked to soil conditions.
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Figure 18: NDVI January 2023-2025

January
In January 2023 and 2025 the field
treated with terra preta (on the left) is
visibly greener, while in January 2024
the field

compared to 2023. Also, there is an

is slightly less healthy
improvement in the terra preta field’s
health as well, since the index jumped
up to 0.503644, which is a lot higher
compared to previous years,
indicating that the leaf cover and
green vegetation is a lot higher in the
year 2025.

The extensively used field (on the
right side) is comparatively steady in
the light

indicating some leaf coverage but not

red to red-green area,

as much as the field treated with terra

preta.



2023 04

| NDVI_2023_04
0,359237
0,164334

# B LT0_piots

NDVI_2024_04

| 0,371331 l

. 0149215
LTC plots [

NDVI_2025 04

0,620545
0,282440

[ LTO_plots

Figure 19: NDVI April 2023-2025

April

In April, the terra preta field on the left
is seeing a vast improvement from
2023 to 2025, as the NDVI jumps from
0.359237 to 0.620545 in the
healthiest area, which is almost
double the amount, indicating a big

increase in healthy vegetation in the

area. The extensively used area on
the right looks similar in 2023 and
2024, seeing a slight improvement in
2025 as well,

indicate that the overall

which could also
weather
conditions were supportive of plant
growth as well. Still the difference
between both LTOA's is quite big, with
the terra preta LTOA being more than
twice as healthy according to the
NDVI

extensive plot

values compared to the
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Figure 20: NDVI May 2023-2025

May

In May the differences between 2023 and 2024
are again not big, with the NDVI being slightly
higher in 2023. A big difference can again be
seen in the terra preta LTOA on the left in 2025,
which has a significantly higher NDVI compared
to previous years and also compared to the
extensive plot. The extensive plot also improved
slightly in 2025, which again could be due to

better weather conditions that year.
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Figure 21: NDVI June 2023-2025

NDVI Patterns and Soil Data

June

June sees a reduction in NDVI
compared to the previous months.
Again, the highest NDVI can be seenin
the terra preta field in 2025, but the
difference between the terra preta and
the extensive field are not very big.The
overall lower NDVI in this month likely
is due to typically hot and dry summer
season. The biggest visible differences
can be seen in the months of April and
May, indicating a vastly better leaf
coverage on the field treated with terra
preta in 2025 compared to the years
before. Overall, the field treated with
terra preta seems to be significantly
healthier according to the NDVIin 2025
compared to 2023 and 2024.

The NDVI results were subsequently interpreted in relation to the physical and chemical

parameters measured in both long-term observation areas. Several of the soil

characteristics that differ between the Terra Preta and extensive plots—such as higher

organic carbon, increased total nitrogen, and substantially elevated plant-available

phosphorus—are directly linked to processes that support canopy vigor and

photosynthetic activity. The consistently higher NDVI values observed in the Terra Preta

plot, particularly during the spring growth phase, align well with these improvements in

soil fertility and structure. This correspondence suggests that the enhanced nutrient



availability and organic matter content in Terra Preta soils translate into measurable
increases in vegetation vitality.

At the same time, some year-to-year or month-to-month deviations between soil
parameters and NDVI values can be attributed to short-term climatic variability or to the
inherent characteristics of NDVI as a spectral index. These discrepancies highlight the
importance of interpreting NDVI in conjunction with ground-based measurements rather
than as a standalone indicator. This contextual understanding is essential, especially
given the methodological and ecological constraints associated with NDVI, which are

outlined in the following section on limitations.

Discussion

Limitations NDVI

Despite its widespread use in vegetation monitoring, the NDVI exhibits several limitations
that constrain its effectiveness for drought management and early-warning applications in
Mediterranean environments such as Sicily. A key issue is NDVI’s sensitivity to vegetation
density. In sparsely vegetated or heterogeneous landscapes - typical of semi-arid Sicilian
agroecosystems - small changes in biomass may not significantly alter the spectral signal,
leading to an underestimation of early stress conditions (Huete et al., 2002, p. 10).
Conversely, in areas with dense canopies, NDVI tends to saturate at high leaf area index
values, reducing its ability to detect incremental declines in vegetation vitality during the
onset of drought (Gitelson, 2004).

Another important limitation is the temporal lag between physiological water stress and
observable changes in canopy greenness. Plants often reduce transpiration or close
stomata well before chlorophyll degradation becomes detectable in the red—NIR
reflectance contrast (Pettorelli, 2013, p. 42). As a result, NDVI may only capture drought
impacts after critical thresholds have already been exceeded, limiting its usefulness for
proactive drought response in regions like Sicily, where rapid-onset dry spells can

severely affect agricultural productivity.

NDVI is also influenced by non-vegetation factors that can distort drought assessments.
Soil background reflectance - particularly relevant in Sicily’s dry, rocky, and high-albedo
substrates - can artificially inflate or depress NDVI values, complicating the interpretation
of vegetation stress (Huete, 1988). Atmospheric conditions such as dust, aerosols, and
seasonal haze further introduce noise into satellite-derived NDVI time series (Jiang et al.,
2006).

Finally, NDVI is not stress-specific. It cannot distinguish drought-induced stress from other



drivers such as pests, nutrient deficiencies, or disease (Pettorelli et al., 2005). Therefore,
NDVI can be a supportive tool, but should not be the only source of monitoring the overall
health of the field plants.

Long-term soil ecological development

The comparison between the extensively managed olive soil and the Terra Preta
reference provides a useful interpretive frame for understanding how long-term soil
ecological development can manifest under sustained carbon inputs and biological

cycling.

From a physical perspective, biochar influences soil physical quality primarily through
changes in aggregation, bulk density, porosity, and pore connectivity - properties that can
shift within years and that strongly govern infiltration and root-zone aeration. Recent
orchard-focused work and broader syntheses emphasize that biochar often improves
those parameters with responses depending on texture and biochar properties (Edeh et
al., 2020; Fornes et al., 2024). In clay-rich Mediterranean orchard soils, these structure-
mediated improvements are particularly relevant because drought is frequently coupled
with short, high-intensity rain events, where soil surface sealing and limited infiltration can
constrain effective water capture; meta-analytic evidence indicates biochar can increase
saturated hydraulic conductivity in clayey soils (and thereby reduce runoff risk), while

increasing water retention overall (Edeh et al., 2020).

Electrical conductivity (EC) was higher in Terra Preta than in the extensive soil but
remained below commonly cited salinity-stress thresholds for most crops. In this context,
the EC increase is most plausibly interpreted as an enrichment signal - higher dissolved
nutrient ion availability supported by stronger organic matter turnover and sorption
dynamics on char- and organo-mineral surfaces - rather than harmful salt accumulation
(Fornes et al.,, 2024). Nevertheless, in drought-prone olive systems the seasonal
dynamics of EC and sodium deserve explicit attention because dry-down concentrates
and may amplify sodicity risks, especially where irrigation water quality is variable. This is
consistent with the need to track not only EC but also exchangeable Na indicators over
time when aiming for sustainable intensification in semi-arid orchard settings (Edeh et al.,
2020; Rojano-Cruz et al., 2023).

The chemical results reinforce the idea that “ecological development” is more visible in
functional pools than in carbonate-buffered bulk properties. Soil pH and active CaCO;
were nearly identical between soils, which is consistent with calcareous Mediterranean
parent materials where carbonate buffering limits pH shifts and maintains relatively stable

base saturation regimes. Under these constraints, management-driven improvements are



expected to appear primarily in organic matter quality, nutrient availability, and biological
processing rather than major changes in pH or carbonate pools (Fornes et al., 2024;
Fernandez-Escobar, 2019). The moderate enrichment of organic carbon and the higher
total nitrogen in Terra Preta - paired with a lower C/N ratio - suggest a system
characterized by more active nitrogen turnover and potentially higher microbial processing
efficiency. Broader evidence indicates biochar can contribute to stabilizing organic matter
while also shaping microbial and enzymatic functioning, particularly when biochar is

integrated with additional organic inputs (Fornes et al., 2024; Wu et al., 2022).

The most diagnostic result is the very strong difference in available phosphorus (P), with
Terra Preta showing nearly an order-of-magnitude higher plant-available P. This aligns
with the widely described Terra Preta phenomenon where char residues and associated
mineral inputs contribute to high fertility and reduced nutrient fixation, producing unusually
persistent pools of available nutrients (Fernandez Escobar, 2019). For a Mediterranean
orchard perspective, this result highlights a core long-term hypothesis for biochar-based
management: even when bulk CEC and carbonate buffering are similar, shifts in sorption
surfaces and organo-mineral interactions can materially alter the size and accessibility of
plant-available nutrient pools. Recent field work in olive systems similarly reports that
biochar can improve soil physical conditions and contribute to maintaining yields under
reduced irrigation, suggesting that fertility and water relations should be evaluated

together rather than in isolation (De la Rosa et al., 2022; Fornes et al., 2024).

Implications for olive trees, fruit growth, and yields

For olives, the most yield-relevant interpretation of the chemical results is that Terra Preta-
like enrichment (higher available P alongside increases in available micronutrients and
relatively higher K) would be expected to support stronger root activity, flowering and fruit
set capacity, and overall canopy nutrition. Olive nutrient physiology literature emphasizes
that N and K are among the nutrients most strongly removed annually through fruit yield
and pruning, making sustained K availability particularly relevant for long-term productivity
and for avoiding depletion under extensive management (Fernandez-Escobar, 2019). At
the same time, the altered Mg/K ratio in Terra Preta signals a potential nutritional trade-
off: high K availability can contribute to imbalances if Mg becomes relatively limiting, which
may affect leaf function and stress tolerance during drought (Fernandez Escobar, 2019;
Marafodn-Jiménez et al., 2022). Finally, in drought-affected regions the strongest pathway
from improved soil quality to stable yields is often hydrological: orchard trials indicate that
biochar with high water retention/porosity can help reduce irrigation needs while
maintaining yields, implying that the yield benefit may arise as much from buffered water

stress as from nutrient availability alone (De la Rosa et al., 2022; Edeh et al., 2020).



Taken together, the results suggest that long-term observation plots should be explicitly
designed to capture trajectories in (i) soil structure and hydraulic function, (ii) nutrient
availability and stoichiometric balance (especially P, K, Mg, Na), and (iii) biological
turnover indicators that may respond earlier than total SOC. This is particularly critical
under drought regimes where nutrient availability can increase in the lab while plant
uptake and yield responses remain constrained by limited soil water storage and poor

infiltration during episodic rain events (Edeh et al., 2020; Fornes et al., 2024).

Improving management strategies

Building on the patterns observed here, management strategies in extensively used olive
groves should aim to couple biochar’s potential benefits (structural improvement, nutrient
retention, water buffering) with practices that increase organic inputs, protect the soil
surface, and reduce erosion and runoff losses. A key priority in Mediterranean olive
landscapes is controlling erosion and improving rainfall infiltration, because bare-soil
management has repeatedly been associated with high runoff and sediment export during
storm events. Long-term studies in olive orchards show that cover crops substantially
reduce water and sediment yield and can reduce nutrient and organic matter losses
relative to bare or intensively tilled inter-rows (Arias-Giraldo et al., 2021; Gémez et al.,
2009; Lopez Vicente et al., 2021). This is particularly relevant under worsening drought
variability: when rainfall arrives in pulses, the difference between infiltrated water and
runoff can determine whether trees enter critical phenological stages (flowering, fruit set,

pit hardening, oil accumulation) under severe water deficit.

Accordingly, an integrated “soil ecological development” strategy in long-term plots should
include: (1) biochar (ideally characterized by feedstock, pyrolysis conditions, particle size,
and application rate), (2) continuous or seasonal ground cover (seeded or managed
spontaneous vegetation), and (3) organic matter recycling (composted olive-mill residues
where appropriate, pruning residue mulching/shredding, or other locally available
amendments). Field evidence in olive systems indicates that agroecological packages
that recycle residues and maintain cover crops can improve soil physical and chemical
properties, providing a plausible pathway to higher resilience without relying solely on
mineral fertilization (Arias-Giraldo et al., 2021; Hrameche et al., 2024). Where biochar is
derived from olive residues, orchard trials suggest it can contribute to improved soil water-
related properties and enable reduced irrigation while maintaining yields, making it a
particularly promising circular-economy amendment in regions facing chronic water
scarcity (De la Rosa et al., 2022; Fornes et al., 2024).

Because drought is the dominant constraint in many Mediterranean gloves, management

improvement should be paired with water-cycle measurements that directly test the



proposed mechanism (more captured rainfall, more stored water, less evaporative loss,
less runoff/erosion). Meta-analyses and long-term field evidence indicate biochar can
increase available water capacity and field capacity on average, with texture-dependent
effects on hydraulic conductivity - suggesting high value in measuring infiltration and soil
moisture dynamics across seasons (Edeh et al., 2020; Jiang eet al. 2025; Wu et al., 2022).
In parallel, implementing simple runoff/erosion monitoring (e.g., bounded runoff plots,
sediment traps) can quantify whether cover crops and residue mulching are delivering
ecosystem service gains in the same years that chemical pools may be slowly shifting
(Goémez et al., 2009; Lopez-Vicente et al., 2021).

Finally, improved management should explicitly address nutritional balance rather than
focusing solely on raising nutrient pools. The lab results (higher K and Na, lower Mg/K)
underscore the importance of monitoring leaf nutrient status and adjusting fertilization or
amendment strategies to avoid antagonisms (e.g., excessive K relative to Mg) that can
undermine tree performance during drought. Olive nutrition literature highlights that
nutrient removal via fruit and pruning is substantial for N and K, supporting the logic of
long-term nutrient budgeting and tissue-based diagnostics in sustainability-oriented

management (Fernandez-Escobar, 2024).

In sum, the ecological and sustainable value of extensively managed olive fields can be
improved most credibly through integrated soil-cover and organic-input strategies - with
biochar positioned as a stabilizing and structure-enhancing component - validated
through long-term plot monitoring that links soil physical habitat, water cycling, nutrient
stoichiometry, and tree performance metrics (De la Rosa et al., 2022; Edeh et al., 2020;
Gomez et al., 2009).

Conclusion

The comparison of the Terra Preta—amended olive grove with the extensively managed
reference plot demonstrates that Terra Preta can meaningfully enhance soil quality and
plant vitality under the semi-arid conditions characteristic of Sicily. The physical analyses
indicate a shift toward a more favorable loam-clay texture, improving infiltration, aeration,
and root penetration—key factors in drought-prone Mediterranean soils. Chemically,
Terra Preta shows clear enrichment in organic carbon, total nitrogen, and especially
plant-available phosphorus and micronutrients, reflecting more active biological cycling
and improved nutrient retention. These changes align with the known long-term ecological
development pathways of anthropogenic dark earths and suggest that Terra Preta can

support more resilient soil-plant interactions.

The NDVI time series further corroborates these findings: vegetation vitality was



consistently higher in the Terra Preta plot, particularly during the critical spring growth
period. This indicates that improved soil conditions translate into measurable canopy-level
benefits, even under variable climatic conditions. At the same time, the limitations of
NDVI—such as sensitivity to vegetation density and delayed response to water stress—

highlight the importance of integrating remote sensing with field-based soil monitoring.

By establishing long-term observation areas, this study creates a robust framework for
tracking ecological development, validating remote-sensing indicators, and assessing the
long-term impacts of Terra Preta on Mediterranean agroforestry systems. The combined
approach strengthens the scientific basis for sustainable land management and offers
practical insights for farmers seeking to enhance soil fertility, water efficiency, and climate

resilience.
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Appendix

Giacche Verdi Field Data

Google'Maps

Size ~17.964,44 ~11.026,53 m? ~7.293,03 13.800m?  7.860 m?
m? m?
Year of 2019 2022 2023 2023 2024
purchase
Cultivation 201 olives 105 olives 50 olives 96 olives 21 olives
2 figs 75 almonds 30 6 almonds
62 almonds 2 citrus pistachios
5 citrus 52 grapevine 250
1 pears 11 therebinth almonds
9 pistachios 24 peaches
1 18 pears
pomegranate
2 rhamnus

3 therebinth


https://docs.google.com/document/d/1iJ_uY_rMBCILmc82mod2YWRFPDtSyQGS/edit?usp=sharing&ouid=116194364700874067538&rtpof=true&sd=true

Prior
cultivation

Irrigation
method

Fertilization
method

Wheat (without
terraces)
e Olives
e Pears
Simeto river +
pond + swales

Terra Preta
(since 2023)

Wheat (without
terraces)
o Agroforestry

Simeto river + pond

no fertilizer

Orange
Cultivation

Simeto
river +
pond

no fertilizer

Intensive
Pear
cultivation

Simeto
river +
pond

no fertilizer

Intensive
pear
cultivation

Rainwater

no fertilizer



