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Abstract

Pistachio shell residues are generated in large quantities during pistachio processing, yet their potential as a sustainable
soil amendment has received limited attention under field conditions. This study evaluated the effects of pistachio shell
compost on soil physical properties, leaf nutrient status, fruit quality, and culturable soil bacterial communities in a
semi-arid pistachio orchard in Gaziantep, Tiirkiye. A field experiment was conducted during the 2022-2023 growing
season using a randomized complete block design with five fertilization treatments: unfertilized control, mineral fer-
tilizer, vermicompost plus mineral fertilizer, farmyard manure plus mineral fertilizer, and pistachio shell compost plus
mineral fertilizer. Soil physical properties, leaf macro- and micronutrient concentrations, fruit quality characteristics,
and culturable bacterial populations identified by MALDI-TOF MS were evaluated. Pistachio shell compost significantly
improved soil water-related physical properties, including field capacity, infiltration rate, and water-holding capacity,
compared with mineral fertilization alone. Compost application also increased leaf nutrient concentrations and im-
proved fruit quality traits, while culture-dependent analyses indicated greater abundance and diversity of dominant
culturable bacterial taxa in compost-amended soils. These findings demonstrate that recycling pistachio shell residues as
compost improves soil functionality, plant nutritional status, and orchard performance while promoting beneficial soil
microorganisms. Pistachio shell compost therefore represents a promising organic amendment for sustainable nutrient
management and circular agricultural practices in semi-arid pistachio production systems.
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term soil functionality. Although mineral fertilizers remain
the primary nutrient source in commercial pistachio pro-
duction, their long-term and intensive use may accelerate

Introduction

Pistachio (Pistacia vera L.) is one of the most economical-
ly important nut crops cultivated in semi-arid and arid re-
gions, where soil fertility, low organic matter content, and
limited water availability represent major constraints to
sustainable production. Under these environmental condi-
tions, maintaining soil quality through appropriate nutrient
management is essential not only for sustaining orchard
productivity and fruit quality but also for preserving long-

soil degradation, reduce soil organic matter, and negatively
affect biological activity (Bellitiirk et al. 2019). Consequent-
ly, increasing attention has been directed toward sustainable
fertilization strategies based on organic amendments that
simultaneously improve soil fertility and environmental
sustainability (Esmaeili et al. 2020; Paymaneh et al. 2023).
In addition to nutrient availability, the physical quality
of soil plays a fundamental role in determining pistachio
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growth and productivity, particularly under water-limited
conditions. Soil physical properties such as field capacity,
water-holding capacity, infiltration rate, and aggregate sta-
bility directly regulate water availability, root development,
nutrient acquisition, and overall tree performance. Numer-
ous studies have demonstrated that organic amendments
improve soil aggregation, porosity, moisture retention,
and nutrient cycling while enhancing water-use efficien-
cy in agricultural soils (Adeyemo et al. 2019; Bellitiirk et
al. 2019; Basset et al. 2023). A recent meta-analysis further
confirmed that increasing soil organic matter consistently
improves infiltration capacity and water retention across
diverse cropping systems (Basset et al. 2023).

Beyond their effects on soil physical properties, healthy
agricultural soils depend on diverse and functional micro-
bial communities. Soil microorganisms regulate organic
matter decomposition, nutrient mineralization, carbon
sequestration, aggregate formation, and numerous biogeo-
chemical processes that directly influence soil fertility and
plant productivity. In perennial orchard systems, including
pistachio, rhizosphere microbial communities are strongly
influenced by environmental conditions and management
practices such as irrigation, tillage, and fertilization. Ben-
eficial microorganisms contribute to nutrient availabili-
ty, improve soil resilience, suppress plant pathogens, and
enhance plant tolerance to abiotic stresses. Recent studies
conducted in pistachio-growing regions have demonstrat-
ed that soils associated with pistachio trees harbor greater
microbial biomass, microbial respiration, and nutrient cy-
cling activity than surrounding soils, highlighting the eco-
logical importance of soil microorganisms for maintaining
orchard productivity under semi-arid conditions (Kalkanct
et al. 2023). Nevertheless, compared with other perennial
fruit crops, relatively little information is available regard-
ing how organic amendments influence the microbiologi-
cal characteristics of pistachio orchard soils under field
conditions (Esmaeili et al. 2020; Fereidooni et al. 2025).

The recycling of agro-industrial residues as compost has
therefore become an increasingly important component of
sustainable and circular agricultural systems. Among these
residues, pistachio shells are generated in large quantities
during pistachio processing but remain considerably un-
derutilized despite their significant agricultural potential.
Composting pistachio shell residues represents an envi-
ronmentally friendly strategy for recycling organic waste
while simultaneously increasing soil organic carbon, im-
proving soil quality, and reducing the environmental bur-
den associated with agricultural by-products (Esmaeili et
al. 2020; Matisic et al. 2024). Recent reviews have further
highlighted the potential of pistachio by-products as valu-
able resources for sustainable agriculture through compost
production, soil amendment, and enhancement of soil bi-
ological activity (Fereidooni et al. 2025).

Given the central role of soil microorganisms in main-
taining soil functionality, organic amendments have at-
tracted increasing attention because of their ability to
modify microbial community structure and activity. Or-
ganic materials provide carbon substrates that stimulate
microbial growth and favor beneficial bacterial popula-
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tions. Plant growth-promoting rhizobacteria (PGPR),
particularly species belonging to the genera Bacillus and
Pseudomonas, are well recognized for enhancing nutrient
solubilization, phytohormone production, stress toler-
ance, and plant performance (Hayat et al. 2010; Hou et
al. 2022). However, most previous studies have evaluated
conventional composts or generalized organic fertilizers,
whereas information regarding the effects of compost
produced specifically from pistachio shells on soil physic-
ochemical properties, plant nutritional status, fruit qual-
ity, and culturable bacterial communities remains scarce.
Taken together, previous studies indicate that organic
amendments have considerable potential to improve soil
quality and biological functioning in orchard ecosystems.
However, comprehensive field-scale evaluations simultane-
ously examining soil physical properties, leaf nutrient con-
centrations, fruit quality, and soil bacterial communities
in mature pistachio orchards remain limited, particularly
under semi-arid production conditions. Addressing these
knowledge gaps is essential for developing sustainable nu-
trient management strategies based on locally available
agricultural residues. Therefore, the objective of this study
was to evaluate the effects of pistachio shell compost on
soil physical properties, leaf nutrient concentrations, fruit
quality, and culturable soil bacterial communities in a ma-
ture pistachio orchard under semi-arid conditions. We hy-
pothesized that pistachio shell compost would improve soil
functionality, enhance nutrient uptake, promote beneficial
culturable bacteria, and ultimately improve orchard perfor-
mance compared with conventional mineral fertilization.

Materials and methods
Orchard location and compost preparation

The study was conducted during the 2022-2023 growing sea-
son in a mature pistachio (Pistacia vera L.) orchard located in
Kesiktas Village, Nizip District, Gaziantep Province, south-
eastern Tiirkiye (36°59'N, 37°49'E). The region has a semi-ar-
id climate, with a mean annual temperature of 17.5 °Cand an
average annual precipitation of approximately 450 mm. The
geographical location of the experimental orchard is shown
in Fig. 1, which was prepared using data obtained from the
General Directorate of Mapping (HGM 2026).

Pistachio shells, a major agro-industrial by-product of
the region, were collected from local processing facilities and
composted according to the modified composting method
described by Esmaeili et al. (2020). The dry red pistachio
shells were first sterilized at 105 °C for 15 min to eliminate
contaminating microorganisms. Compost piles (1 m*) were
prepared by alternating 30-cm layers of pistachio shells with
2.5-cm layers of fresh cattle manure. The piles were covered
with plastic sheets for the first two days to retain heat and
moisture, while temperature, moisture content, and aeration
were monitored daily throughout the composting process.
Composting was completed after approximately 21 days,
when the material exhibited a dark brown color and a char-
acteristic earthy odor, indicating compost maturity.
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Figure 1. Geographic location of the experimental pistachio orchard. (A) Location of Gaziantep Province within Tur-
kiye. (B) Location of Nizip District within Gaziantep Province. (C) Experimental orchard located in Kesiktas Village,
Nizip District (36°59'N, 37°49'E). Source: Adapted from the General Directorate of Mapping (HGM), Turkiye.

Experimental design and treatments

The field experiment was established in December 2022
and completed after harvest in September 2023. Fertilizer
applications were carried out between late December and
early January, following the standard fertilization schedule
practiced in the study region. The geographical location of
the experimental orchard is shown in Fig. 1.

The study was conducted in a commercial mature pis-
tachio orchard. Five fertilizer treatments were evaluated,
each consisting of 16 mature pistachio trees with similar
age, vigor, and canopy size. The treatments were as fol-
lows: (i) Control (KO, no fertilizer); (ii) 20-20 N-P ferti-
lizer (K1, 1 kg tree); (iii) Vermicompost (S.G., 1 kg 20-20
N-P + 5 kg vermicompost tree!); (iv) Pistachio shell com-
post (Kp, 1 kg 20-20 N-P + 20 kg pistachio shell compost
tree!); and (v) Farmyard manure (C.G., 1 kg 20-20 N-P +
40 kg farmyard manure tree!).

Sampling

Sampling was conducted during the 2023 growing season
as follows:

 Soil samples: Soil samples were collected in June
2023, approximately six months after fertilizer ap-
plication, from four equidistant positions beneath
the canopy of each tree at depths of 0-30 cm and
30-60 cm. The four subsamples were thoroughly
homogenized to obtain one composite sample (ap-
proximately 1 kg) per tree (Alghamdi et al. 2024).

o Leaf samples: Leaf samples were collected in July
2023 from the middle canopy of each tree using fully
expanded, healthy leaves. The samples were washed
with distilled water, transported to the laboratory.

o Fruit samples: Fruit samples were collected man-
ually at commercial maturity in September 2023.
Representative subsamples (100 g) were used to de-
termine the shell-splitting rate, kernel yield, and nut
size according to Silver et al. (2021).

Microbiological analyses

Soil microbiological analyses were performed to eval-
uate the effects of fertilizer treatments on the compo-
sition and abundance of culturable bacterial communi-
ties. Soil suspensions were prepared by mixing 1 g of
fresh soil with 9 mL of sterile physiological saline (0.85%
NaCl), followed by serial decimal dilutions (10'-10°).
Aliquots of the appropriate dilutions were inoculated
onto the culture media listed in Table 1 and incubated
under the specified conditions to determine viable bac-
terial populations. Distinct colonies were purified by re-
peated streaking and preserved at -20 °C for subsequent
identification.

Bacterial identification was performed using a MALDI
Biotyper sirius one MALDI-TOF MS system (Bruker Dal-
tonics GmbH, Bremen, Germany), as described by Encu
et al. (2022). The acquired mass spectra were compared
with the manufacturer’s reference database, and bacteri-
al isolates were identified at the genus and species levels.
Predominant bacterial genera were reported based on
high-confidence identification scores.
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Table 1. Culture media and incubation conditions used for the isolation and enumeration of soil microorganisms.

Bacterial group of interest Incubation time/ Temperature Growth media Condition Reference
Total viable bacterial count 48 h/30 °C Plate Count Agar Aerobic/Anaerobic (Giiven and Kog 2020)
Total microorganism count 24 h/37°C King-B Aerobic/Anaerobic (Oren et al. 2009)
Actinomycete count 3-7 days/25 °C Nutrient agar Aerobic (Bulut Ergin and Koca 2019)
Yeast and mold count 3 days/25°C Potato Dextrose Agar Aerobic (Bulut Ergin and Koca 2019)
Heterofermentative lactic acid bacteria count 48-72h /30 °C Plate Count Agar Aerobic (Encu et al. 2022)
Psychrophilic bacterial count 10 days/4 °C Plate Count Agar Aerobic/Anaerobic  (Onciil and Yildirim 2019)
Proteolytic bacterial count 72 h/22°C Calcium Caseinate Agar Aerobic/Anaerobic (Encu et al. 2022)
Staphylococcus aureus count 48 h/37°C Baird Parker Agar Aerobic (Uyar and Giirlek 2022)
Salmonella spp. count 72h/35°C Salmonella-Shigella medium  Aerobic/Anaerobic (Ozdemir 2013)
Bacillus spp. and Clostridium spp. count 24h/37°C Plate Count Agar Aerobic/Anaerobic (Usta 2022)

Identification:

The preserved bacterial isolates were revived by overnight
incubation and subcultured to obtain pure colonies. A
small amount of each colony was transferred onto a reus-
able stainless-steel MALDI target plate and overlaid with
1 uL of a-cyano-4-hydroxycinnamic acid (HCCA) ma-
trix solution. After air drying at room temperature, mass
spectra were acquired using a MALDI Biotyper sirius one
MALDI-TOF MS system (Bruker Daltonics GmbH, Bre-
men, Germany). The generated spectra were analyzed us-
ing the manufacturer’s reference database, and bacterial
isolates were identified at the genus and species levels ac-
cording to the procedure described by Encu et al. (2022).

Leaf nutrient element analyses

Leaf samples were dried in a forced-air oven (Memmert
GmbH + Co. KG, Schwabach, Germany) at 65 °C for
48 h until constant weight and subsequently ground.
Total nitrogen (N) was determined using the Kjeldahl
digestion system (C. Gerhardt GmbH & Co. KG, K6nig-
swinter, Germany). Following wet acid digestion, phos-
phorus (P), potassium (K), calcium (Ca), magnesium
(Mg), iron (Fe), manganese (Mn), zinc (Zn), and cop-
per (Cu) concentrations were determined using an Op-
tima 8000 ICP-OES spectrometer (PerkinElmer Inc.,
Waltham, MA, USA) (Sapkota et al. 2015). The obtained
leaf nutrient concentrations were subsequently evaluated
according to the sufficiency ranges reported for pistachio
by Beede et al. (2005).

Fruit analyses
Fruit quality parameters were determined as follows:

o Shell-splitting rate: Calculated as the percentage
of naturally split nuts in a 100-g fruit sample (Oz-
demir 2013).

o Kernel yield: Determined by manually dehulling a
100-g sample of dried nuts and recording the kernel
weight (Ozdemir 2013).
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o Fruit size: Estimated by counting the number of
nuts per 100 g, where a lower number of nuts indi-
cated a larger average fruit size (Ozdemir 2013).

Soil physical properties

Field capacity, permanent wilting point, infiltration rate,
and water-holding capacity were determined using stand-
ard soil physical analysis procedures. All measurements
were performed in triplicate, and the results were ex-
pressed as mean * standard deviation (SD).

Statistical analyses

All statistical analyses were performed using IBM SPSS
Statistics for Windows, Version 27.0 (IBM Corp., Ar-
monk, NY, USA). One-way analysis of variance (ANOVA)
was used to determine the effects of fertilizer treatments.
When significant differences were detected, means were
compared using Tukey’s honestly significant difference
(HSD) test at p < 0.05. Microbial community data were
evaluated descriptively based on the occurrence and rela-
tive abundance of the identified bacterial taxa.

Results

Soil bacterial populations differed markedly among fer-
tilizer treatments (Fig. 2). Pseudomonas stutzeri was the
predominant species in soils amended with pistachio shell
compost (Kp) and vermicompost (S.G.), with both treat-
ments showing significantly higher populations than the
remaining treatments (P < 0.05), whereas no significant dif-
ference was observed between Kp and S.G. (P > 0.05). Sim-
ilarly, Bacillus atrophaeus and Micrococcus luteus reached
their highest population densities in the Kp treatment;
however, differences among treatments were not statistical-
ly significant (P > 0.05). The highest population of Bacillus
pumilus was also recorded in the Kp treatment, followed by
K1, S.G., C.G., and KO, with significant differences among
all treatments (P < 0.05). Likewise, Paeniglutamicibacter
sulfureus was most abundant in Kp-treated soils (P < 0.05).
Populations in the control (K0) and mineral fertilizer (K1)
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Figure 2. Experimental design showing the five fertilizer
treatments applied in the pistachio orchard.

treatments did not differ significantly (P > 0.05), but both
were significantly higher than those observed in the vermi-
compost (S.G.) and farmyard manure (C.G.) treatments (P
< 0.05). In contrast, Bacillus cereus and Bacillus mojavensis

exhibited their highest populations in soils receiving min-
eral fertilizer (K1). Bacillus cereus populations followed the
order K1 > Kp > C.G.> S.G. > KO (P < 0.05), whereas Ba-
cillus mojavensis showed similarly high populations in K1,
Kp, and S.G., with no significant differences among these
treatments (P > 0.05), while the lowest population was re-
corded in the C.G. treatment (Fig. 2).

Soil physical properties were markedly affected by ferti-
lizer treatment (Fig. 4). The pistachio shell compost treat-
ment (Kp) produced the highest values for field capacity,
permanent wilting point, infiltration rate, and water-hold-
ing capacity. All of these parameters were significantly high-
er in the Kp treatment than in the other fertilizer treatments
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Figure 3. Population densities (CFU mL™) of selected culturable bacterial species isolated from soils under five fer-
tilizer treatments at two sampling depths (0-30 cm and 30-60 cm). The evaluated species were Bacillus cereus,
Pseudomonas stutzeri, Bacillus mojavensis, Bacillus atrophaeus, Priestia megaterium, Paeniglutanicibacter sulfureus,
Peribacillus simplex, Bacillus pumilus, and Micrococcus luteus. Values represent the abundance of each bacterial spe-
cies recovered from the respective treatments and soil depths.

Figure 4. Colony morphology of the bacterial isolates grown on tryptic soy agar (TSA), representative MALDI-TOF

MS spectra, and light microscopic images of the isolates. The identified bacterial species were: (3) Bacillus atrophae-

us; (24) Bacillus cereus; (16) Bacillus mojavensis; (6) Bacillus pumilus; (7) Micrococcus luteus; (9) Paeniglutamicibacter

sulfureus; (10) Peribacillus simplex; (11) Priestia megaterium; and (14) Pseudomonas stutzeri.
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(P < 0.05). In contrast, no significant differences were ob-
served among the control (K0), mineral fertilizer (K1), ver-
micompost (S.G.), and farmyard manure (C.G.) treatments
for any of the measured soil physical properties (P > 0.05).

Leaf nutrient analyses (Figs 5, 6) demonstrated that fer-
tilizer treatments significantly influenced both macro- and
micronutrient concentrations. Leaf nitrogen (N), phospho-
rus (P), and potassium (K) concentrations were highest in
the pistachio shell compost (Kp) treatment (P < 0.05). Ni-
trogen concentrations did not differ significantly between
the control (K0) and mineral fertilizer (K1) treatments (P
> 0.05), whereas phosphorus concentrations were signifi-
cantly higher in Kp than in all other treatments, which did
not differ from one another (P > 0.05). For potassium, Kp
exhibited the highest concentration (P < 0.05), while K1
and vermicompost (S.G.) showed similar values (P > 0.05).

Leaf calcium (Ca) concentrations were highest in the
control (K0) and farmyard manure (C.G.) treatments (P <
0.05). Among the micronutrients, iron (Fe), zinc (Zn),
and copper (Cu) reached their highest concentrations
in the Kp treatment (P < 0.05). In contrast, manganese
(Mn) was highest in the control treatment (K0) (P < 0.05),
whereas bromine (Br) showed its highest concentration in
the vermicompost (S.G.) treatment, differing significantly
from all other treatments (P < 0.05).

Fruit quality characteristics were significantly affected
by fertilizer treatment (Fig. 7). The pistachio shell compost
treatment (Kp) produced the highest shell-splitting rate
(P < 0.05), followed by the vermicompost (S.G.), farm-
yard manure (C.G.), mineral fertilizer (K1), and control
(KO) treatments. Kernel yield was highest in the Kp and
S.G. treatments, with no significant difference between
them (P > 0.05); however, both treatments produced sig-
nificantly higher kernel yields than K0, K1, and C.G. (P
< 0.05). Fruit size, expressed as the number of nuts per
100 g, was greatest in the Kp and S.G. treatments. These
two treatments did not differ significantly (P > 0.05),
whereas the control (K0) and mineral fertilizer (K1) treat-
ments produced the smallest fruits and were also not sig-
nificantly different from each other (P > 0.05). Overall, the
application of pistachio shell compost and vermicompost
improved fruit quality by increasing shell-splitting rate,
kernel yield, and fruit size compared with the control and
mineral fertilizer treatments.
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Figure 5. Effects of different fertilizer treatments on soil
physical properties, including field capacity, permanent
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Discussion

This study demonstrated that compost produced from
pistachio shells can serve as an effective organic amend-
ment, improving soil quality, bacterial communities, plant
nutrition, and fruit quality compared with conventional
fertilization practices. The combined evaluation of soil
physical properties, culturable bacterial communities, leaf
nutrient status, and fruit quality provides a comprehen-
sive assessment of the agronomic potential of pistachio
shell compost under semi-arid field conditions.

The significantly higher concentrations of leaf N, P, K,
Fe, Zn, and Cu observed in the shell compost treatment
indicate improved nutrient availability and uptake. The
nutrient concentrations obtained in compost-treated trees
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were generally within or closer to the sufficiency ranges
reported for pistachio leaves by Beede et al. (2005).

Organic amendments gradually release nutrients while
simultaneously stimulating microbial activity, resulting
in greater nutrient use efficiency than mineral fertiliz-
ers alone (Altunlu et al. 2019). Similar improvements in
nutrient acquisition following compost application have
been reported in previous studies, where enhanced micro-
bial activity and organic matter decomposition increased
nutrient mineralization and plant nutrient uptake (Hou
et al. 2022). The improved nutritional status observed in
the present study was reflected in higher kernel yield and
shell-splitting percentage, indicating that improved nu-
trient availability directly contributed to enhanced fruit
quality (Bellitiirk et al. 2019).

The positive effects of pistachio shell compost on soil
physical properties further support its suitability for sus-
tainable orchard management. Higher field capacity, per-
manent wilting point, infiltration rate, and water-holding
capacity indicate that compost application improved soil
structure and moisture retention. Organic amendments
are known to increase aggregate stability, soil porosity, and
water storage capacity while reducing compaction, particu-
larly in coarse-textured soils common to semi-arid regions
((Malakouti 2006; Adeyemo et al. 2019; Giinal and Giinal
2020; Chiodi et al. 2025). Similarly, Zarafshar et al. (2023)
demonstrated that wild pistachio trees significantly improve
soil quality in semi-arid woodlands through the accumula-
tion of organic matter and enhanced soil biological activity,
supporting the positive effects of pistachio-derived organic
materials on soil functioning. These improvements are par-
ticularly important for pistachio cultivation, where water
availability frequently limits productivity. Similar fertili-
ty-related constraints have been reported in pistachio-grow-
ing soils of southeastern Tiirkiye (Kalkanci et al. 2023).

Compost application also substantially altered the com-
position of culturable bacterial communities. Higher popu-
lations of Pseudomonas stutzeri, Bacillus atrophaeus, Priestia
megaterium, Peribacillus simplex, and several other benefi-
cial bacterial species were detected in compost-amend-
ed soils. Many of these bacteria are recognized as plant
growth-promoting rhizobacteria (PGPR) capable of nitro-
gen fixation, phosphate solubilization, phytohormone pro-
duction, and enhanced tolerance to abiotic stress (Bayraklt
2020; Mandpe et al. 2021; Hou et al. 2022; Martinez-Ortiz et
al. 2024). Their increased abundance suggests that pistachio
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