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Abstract

This study presents a novel and meaningful investigation of the distinct soil biological properties beneath
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crown trees included Pistacia atlantica, Quercus brantii, and Quercus infectoria. The research is
particularly significant as it was conducted within the sacred forest stand, an ecosystem protected from
human disturbance for centuries. Soil samples were collected beneath and beyond the crown of mature trees
from each. The results revealed that the interaction between tree species and crown position creates a fine-
scale heterogeneity of soil microbial activity. The soil beneath tree crowns, particularly those of Pistacia
atlantica, supported significantly higher microbial respiration (BR, SIR), biomass carbon (MBC), and
dissolved organic carbon (DOC) than the open areas between crowns. MBC exhibited a high positive
correlation with BR, SIR and DOC. MBC differences among species (P. atlantica > Q. infectoria > Q.
brantii) reflect variations in crown architecture and litter production The enhanced microbial functioning
was most pronounced under P. atlantica, which improved microclimatic conditions and resource inputs.
The stability of the microbial metabolic quotient (qCO,) across the landscape suggests a consistently
efficient and non-stressed microbial community. Our results highlight that tree identity, especially keystone

species like P. atlantica, is a critical driver of belowground heterogeneity.

Keywords: Tree Crown Microclimate; Pistacia atlantica; Fertility Islands; Soil Microbial Ecology; Zagros

Oak Forest

Introduction

Fine-scale heterogeneity is an inherent property of forest ecosystems, arising from distinct
biogeochemical interactions between individual tree species and their immediate soil environment.
In protected landscapes like the sacred groves forest stands of Iran's Zagros Mountains, these
species-specific feedback cycles are particularly pronounced. Here, Soil operates not only as a

growing medium, but also as a dynamic record of biological activity, shaped by the litter chemistry,
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root exudates, and microclimates of dominant trees [1, 2]. It is widely recognized that tree species
transfer distinct "biological and chemical signatures" on the soil through their differing functional
traits [3—5]. These signatures, reflected in microbial community structure and activity, are
fundamental to understanding ecosystem resilience and carbon dynamics [6—8]. By studying these
interactions in the centuries-old, minimally disturbed context of a sacred forest, we can establish

a critical baseline for natural soil biological variation.

The Zagros sacred groves, with their unique assemblage of P. atlantica, Q. brantii, and Q.
infectoria, represent more than just cultural relics; they are living laboratories of plant-soil
coevolution [9, 10]. However, a surprising gap exists in quantifying the soil biological quality
beneath these specific crowns. Key indicator such as basal respiration (BR), microbial biomass
carbon (MBC), and metabolic quotients (qCO2) remain poorly documented for these species within
a less disturbed system. This study directly addresses by asking a simple but crucial question: how
do these three foundation species differentially influence the biological properties of the soil
directly under their crowns? The answer provides a necessary benchmark for soil quality,
especially in semi-arid regions like the Zagros, where individual trees create vital islands of
fertility, modulating soil moisture and organic matter dynamics in an otherwise demanding

environment [11, 12, 9, 4].

Methodologically, we contend that detecting these species-level effects requires a sampling design
capable of isolating tree influence from inherent microsite variation. The sharp gradients in soil
properties from under crown to the open areas are well-documented [13, 14, 4]. Therefore, our
approach paired under- crown and outside-crown sampling for each individual tree, using a
replicated design to statistically separate the signal of species identity from background variability.

By linking biological soil measurements such as substrate-induced respiration (SIR) to this well-
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defined spatial framework, we aim to build a more causal understanding of how tree identity
controls microbial performance, creating a model transferable to other semi-arid forest ecosystems

[15, 16, 14, 17].

This study was designed to quantify the distinct legacy effects of Pistacia atlantica, Quercus
brantii, and Quercus infectoria on key soil biological properties within a minimally disturbed
Zagros sacred forest. Through this comparative assessment, it further evaluates the reliability of
these biological parameters as sensitive indicators for ecosystem condition. Furthermore, by
establishing baseline soil health characteristics in this preserved forest ecosystem, we hypothesized
that interspecific differences in crown architecture shape distinct fertility islands, leading to

significant variation in soil microbial activity and carbon cycling beneath tree crowns.

Results

Soil Microbial Respiration and Carbon Pools

Results from the analysis of variance revealed that tree species, sampling position (under vs.
outside crown), and their interaction significantly affected (p<0.01) basal respiration (BR) (Table
1). ANOVAs, followed by Duncan's Post-hoc test showed that while BR outside the crown
of Pistacia atlantica did not differ significantly from the other species, the highest BR value (1.67
mg CO2 g ! dry soil day ') was recorded under its crown (Figure 1-a). Substrate-induced respiration
(SIR) was significantly influenced by sampling position (p < 0.05) and as well as by the
speciesxposition interaction (p < 0.01). Substrate-induced respiration (SIR) beneath the crown of
Pistacia atlantica was significantly higher than measured in the other treatments (p <0.01) (Figure

1-b).



90 Similarly, microbial biomass carbon (MBC) was significantly affected by species, position, and

91 their interaction (p < 0.01). Beneath the crown, MBC values decreased in the following

92  order: Pistacia atlantica (1394 mg kg™) > Q. infectoria (1027 mgkg™") > Q. brantii (816 mg kg™).

93 The maximum recorded MBC (1980 mg kg') was found under the crown of Pistacia

94  atlantica (Figure 1-c). Dissolved organic carbon (DOC) in the soil also varied significantly by both

95  species and position (p < 0.01), with a significant interaction between these factors (p < 0.05). The

96  highest DOC concentrations were measured beneath crown of Pistacia atlantica and Q.

97  infectoria 1329 mg kg™ and 1061 mg kg™! respectively (Figure 1-d).

98

99
100
101
102
103
104 Table 1: ANOVA results for the effects of the studied treatments on selected soil properties in the forest
105 sacred grove.

Source of Variables Examined
af
Variation BR SIR MBC DOC MBN DON qCO;, qmic C/Nmic pH humidity
Species  F-Value 894™ 323" 11947 12.87° 2.85™ 3217 0.89™ 3517 167% 6597 747"
Mean 2
0.8 145 8568027 68848436 296805 820031 296323  0.00041  49.6 082 6.49
Squares
Sample F-value 1 10.07° 773  1249" 8377 0.441™ 48 0.86™ 1.26™ 28" 5643"  31.087
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**p < 0.01, *p < 0.05, ns = not significant
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Figure 1. Interaction effect of species and sampling position on a) soil basal respiration (BR), b) substrate-
induced respiration (SIR), ¢) microbial biomass carbon (MBC) and d) dissolved organic carbon (DOC).

Different letters show significant differences (mean + SE).

Nitrogen Pools and Microbial Metabolic Indicators

In contrast to the carbon-related variables, microbial biomass nitrogen (MBN) was not
significantly influenced by any of the experimental factors (Table 1). The highest and lowest
values (115.6 mg kg™ under Pistacia atlantica and 65.9 mg kg™ outside Q. brantii tree crown,
respectively) were not statistically different (Figure 2-a). Dissolved organic nitrogen (DON),
however, was significantly higher in the under crown position (114.6 mg kg™') compared to the
outside-crown position (74.2 mg kg™) (p < 0.05), with the maximum value (177 mg kg™') found
under tree crown of P. atlantica (Figure 2-b). Dissolved organic nitrogen (DON) was not

significantly affected by tree species or their interactions.

The metabolic quotient (qCO:) was not significantly affected by the treatments, with its highest
value (251.27 pg CO: mg' MBC day ') observed under-crown Q. infectoria (Figure 2-c).
Conversely, the microbial quotient (QMic) differed significantly among species (p < 0.05), with a
significant species-position interaction (p < 0.01). The highest qMic (0.02) was found outside the

crown of Q. infectoria, while the lowest (0.01) was under tree crown of Q. brantii (Figure 2-d).
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Figure 2. Interaction effect of species and sampling position on a) microbial biomass nitrogen (MBN), b)

130

¢) metabolic quotient (qCO2) and d) microbial quotient (qMic).

dissolved organic nitrogen (DON),

131

Different lowercase letters show significant differences among treatments (mean = SE).

132

133

Microbial Stoichiometry and Soil Properties

134

The microbial C/N ratio (C/Nmic) was not significantly affected by species or position alone, but

135

their interaction was significant (p < 0.05). The P. atlantica beneath crown combination resulted

136

Soil pH was

a).
with the highest value (7.48)

in a significantly higher C/Nmic (20.8) than other treatments (Figure 3-

137

significantly influenced by both species and position (p < 0.01),

138

recorded under P. atlantica tree crown (Figure 3-b). Soil moisture content was also significantly

139



affected by species and position (p < 0.01), being highest beneath the crown of P. atlantica (5.1%)
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b) soil pH and ¢)

2

Figure 3. Interaction effect of species and sampling position on a) microbial C/N ratio

145

soil moisture percentage. Different letters show significant differences (mean + SE).
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Pearson correlation analysis revealed a strong, positive interrelationship among key microbial

149

activity indicators (Table 2). Basal respiration (BR), substrate-induced respiration (SIR), and

150

microbial biomass carbon (MBC) were all highly correlated (r>0.797, p <0.01), with the strongest

151

correlation observed between BR and MBC (r = 0.905, p < 0.01) (Table 2). Dissolved organic

152
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carbon (DOC) was highly correlated with soil humidity (r = 0.829, p < 0.01) and with both BR (r
=0.793, p < 0.01) and MBC (r = 0.738, p < 0.01). The metabolic quotient (qCO-) was largely
independent of other parameters, weakly positively correlated with BR (r = 0.378, p < 0.05). In
contrast, the microbial quotient (qQMic) was positively associated with MBC, SIR, BR, and MBN
(r=0.473-0.707, p < 0.01). Positive correlations were observed between the microbial C/N ratio

and several carbon-related parameters, such as BR and MBC. Soil pH was significantly correlated

with both DOC (r = 0.661, p <0.01) and soil moisture (r =0.642, p <0.01).

10



160 Table 2: Pearson Correlations Among Studied Soil Properties

Parameter BR SIR MBC DOC MBN DON qco2 qmic C/Nmic pH Humidity

BR 1

SIR 0.840 1
skk

MBC 0.905 0.797 1
kK k3k

DOC 0.793 0.690  0.738 1
k% sk sk

MBN 0.455 0.479  0.568 0.497 1
* kk k3k k%

DON 0.659  0.580  0.671 0.586 0.162 1
sk sk sk skk

qco2 0.378 0266 -0.003 0.294 -0.026 0.109 1
*

qmic 0.601 0.579  0.707 0.290 0473 0411* -0.119 1
skk sk ksk kK

C/Nmic 0.619 0460 0570 0357 -0.319 0.598 0.089  0.353 1
k% % k3k kK

pH 0.526 0.384  0.538 0.661 0.150  0.388 0.134  -0.037  0.468** 1
skk * sksk kK *

Humidity 0.669  0.582 0.632  0.829 0.501 0.426 0.248  0.191 0.179 0.642%* 1
k% ksk k3k kK kK %

161 Significance levels (two-tailed): *p < 0.05, **p < 0.01

162

163  Discussion
164  Our findings demonstrate that both treatments including crown position and tree species identity

165  strongly influence soil microbial activity within the sacred grove ecosystem. The substantially

11
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higher basal respiration (BR) beneath tree crowns particularly under P. atlantica is most probably
linked to increased organic matter inputs from litterfall, which enrich the upper soil layers with
nutrients and readily available carbon substrates [18]. The tree crown drives a richer soil microbial
community, enhancing both its abundance and diversity. This effect is largely driven by the
increased input of litter and root exudates, which provide a steady supply of food resources for soil
microorganisms [19]. The tree crown also plays a key role, supporting soil physical and chemical
stability. It buffers against temperature extremes and conserves moisture, collectively creating far
more favorable conditions for microbial activity [18].

The extensive crown of P. atlantica likely enhances this effect by moderating temperature
extremes and conserving soil moisture [4]. Its deep root system may further sustain microbial
processes during drier periods by drawing upon water and nutrients from deeper horizons [20].
The very strong correlation observed between BR and microbial biomass carbon (MBC) (r=0.905,
p < 0.01) emphasizes the close relationship between microbial biomass and metabolic activity in
this relatively undisturbed forest stand.

The raised substrate-induced respiration (SIR) under crowns, and especially under P. atlantica,
signals the presence of a larger, more metabolically responsive microbial community capable of
rapidly exploiting additional carbon sources [21]. This pattern reflects the resource-rich microsites
created by tree crowns, where higher quantities of litter, root exudates, and nutrients support a
more abundant and diverse microbial assemblage [19]. These species-specific SIR responses
correspond with previous research indicating that P. atlantica significantly enhances soil
biological quality in semi-arid Iranian forests [22].

Microbial biomass carbon (MBC) was substantially higher beneath tree crowns, particularly under

P. atlantica. This pattern highlights the combined impact of increased organic matter inputs and

12
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improved microclimatic conditions. The beneath tree crowns receives substantial annual litterfall,
which, combined with enhanced root exudation, that supports a more abundant and diverse soil
microbial community. As a result, this promotes a greater standing microbial biomass carbon pool
[19]. The stability of this microbial system is further reinforced by the unique crown-generated
microclimate, which moderates temperature variations and sustains higher and more stable soil
moisture levels conditions essential for sustaining microbial processes. The pattern of MBC
between species P. atlantica > Q. infectoria > Q. brantii reflects known differences in crown
architecture and litter production potential, where more extensive and denser crowns typically
contribute higher organic inputs [23, 24]. The strong correlations among BR, SIR, and MBC (r >
0.797, p < 0.01) further indicate an integrated microbial system in which biomass, carbon
availability, and metabolic activity are closely interlinked.

Soil dissolved organic carbon (DOC) exhibited a distribution similar to MBC, with the highest
concentrations under P. atlantica and Q. infectoria. The strong relationship between DOC and soil
moisture (r = 0.829, p < 0.01) emphasizes the critical role of water availability in regulating the
size and persistence of labile carbon pools. Positive correlations between DOC and both BR (r =
0.793) and MBC (r = 0.738) reinforce the function of DOC as a central substrate supporting
microbial metabolism and biomass accumulation.

Microbial biomass nitrogen (MBN), in contrast, showed no significant effects, despite the highest
values occurred under P. atlantica. Dissolved organic nitrogen (DON), however, responded
strongly to crown influence, with elevated levels of DON under tree crowns. These patterns
indicate that while nitrogen cycling reflects carbon-related spatial patterns to some extent, species-
specific differences are less pronounced. This may the inherently greater mobility of nitrogenous

compounds in soil.
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The lack of significant species effects on MBN is also consistent with the strong stoichiometric
homeostasis commonly observed in soil microbial communities [25]. Microorganisms tend to
tightly regulate their internal C:N ratios even when external carbon inputs undergo substantial
variation, resulting in relatively stable nitrogen assimilation across environmental gradients. This
stability has been widely documented in both forested and agricultural soils and reflects a
fundamental characteristic of microbial elemental regulation [26-28].

The absence of significant differences in metabolic quotient (qCO:) across species and crown
positions suggests broadly comparable microbial metabolic efficiency within this minimally
disturbed ecosystem. Such stability supports with the conceptual framework of Anderson and
Domsch [29], who noted that qCO- tends to remain low and relatively constant under non-stressful
environmental conditions, where microorganisms minimize maintenance energy demands., The
slightly increased qCO- beneath Q. infectoria, despite the lack of significantly difference, may
reflect minor differences in microbial community composition or substrate use efficiency between
species.

The relative stability in qCO- across treatments also is consistent with extensive evidence that this
index is most responsive under disturbance, nutrient limitation, or conditions requiring elevated
maintenance respiration. In undisturbed forest soils, qCO: typically shows little variation,
reflecting microbial communities functioning near optimal efficiency with minimal physiological
stress [30, 31].

In contrast, species and their interactions significantly affect qMic, showing variation in microbial
carbon-use efficiency. The notably higher qMic outside the crown of Q. infectoria suggests that
this species may enhance microbial carbon-use efficiency in open areas, possibly due to species-

specific litter chemistry or distinct crown-driven microbial assemblages [17].
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Such raised gqMic values in open microsites may also be associated with the typically more
recalcitrant chemical composition of Q. infectoria litter, which contains higher concentrations of
phenolic and other structurally resistant compounds. These compounds can stimulate oxidative
microbial pathways while constraining biomass accumulation, thereby increasing qMic [32, 33].
The significant interaction effect on microbial C/N ratio (C/Nmic), with maximum values under
P. atlantica, highlights species-level influences on microbial community composition. The
elevated C/Nmic beneath crown of P. atlantica may reflect the unique chemical composition of its
litter and exudates, including phenolic and terpene compounds known to influence microbial
community dynamics [34]. Despite this, the relatively narrow range of C/Nmic across treatments
suggests an overall stable microbial stoichiometry typical of undisturbed forest soils [29].

The moisture and pH of soil beneath tree crown were significantly higher than outside of crown
which demonstrates the important role of trees in influencing local edaphic conditions. The crown-
related increase in pH may stem from alkaline litter inputs and species-specific root exudates,
especially in Pistacia species [34, 35]. Soil pH showed strong correlation with DOC (r=0.661) and
moisture (1=0.642), indicating influence of chemical and physical soil properties on microbial
processes.

Soil pH plays an important role in regulating microbial community composition and function as a
powerful predictor, even moderate species-driven shifts can alter bacterial-fungal balances,
enzymatic capacities, and nutrient cycling rates. Numerous studies have shown that pH exerts a
dominant influence on microbial diversity and carbon cycling dynamics [36, 37], supporting our
interpretation that pH differences among tree species likely contributed to observed patterns in

BR, SIR, and MBC.
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Soil moisture is generally higher under crowns likely reflects reduced surface evaporation and
improved water retention resulting from litter accumulation and shading [38, 39]. The species
gradient in soil moisture (P. atlantica > Q. infectoria > Q. brantii) reflects crown structure and
litter production, supporting the widely recognized concept of trees acting as “fertility islands™ in
forest ecosystems [11, 40, 4].

The consistently superior performance of P. atlantica in enhancing soil biological properties
underscores its ecological importance within the Zagros forest landscape. Its wide crown,
substantial litter input, and deep root system collectively create favorable microhabitats that
support high microbial abundance and activity. The strong correlations among microbial
parameters highlight the close linkage between carbon availability, microbial biomass, and
metabolic activity.

Sacred groves such as Nehmehsher serve as important ecological hot spot [41, 42] for these
species-specific soil processes, providing valuable benchmarks for understanding natural forest
dynamics. Minimal anthropogenic influence in these areas allows tree—soil feedbacks to operate
without disruption, promoting high microbial diversity, efficient nutrient cycling, and overall
ecosystem resilience.

Collectively, our results emphasize the value of preserving tree species diversity in forest
conservation and management strategies. Given that species differ markedly in their impacts on
soil biological functioning, shifts in species composition whether through land-use change,
disturbance, livestock grazing or climate-driven alterations may have far-reaching consequences

for belowground processes and ecosystem stability in the Zagros forests.
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Conclusion

This study demonstrates that tree species within the Zagros sacred groves impart a specific
biogeochemical legacy on soil microbial processes Pistacia atlantica functioned as a keystone
species, its distinct crown architecture and litter quality creating a superior microsite for microbial
communities, as evidenced by significantly heightened levels of microbial respiration, biomass
carbon, dissolved organic carbon, and moisture. These results underscore that plant-soil feedbacks
are strongly species-specific, with individual trees forming distinct "fertility islands" that govern
carbon dynamics at a fine spatial scale.

A tightly coupled, carbon-driven belowground system was revealed, where microbial activity
responded sensitively to labile carbon availability. In contrast, nitrogen cycling parameters showed
more uniform distributions, indicating a broader, less species-dependent regulatory mechanism.
The stability of microbial metabolic efficiency across all species further reflects the functional
resilience of these undisturbed soils.

In practical terms, these findings affirm that the conservation of native tree diversity, and
particularly of functionally pivotal species like P. atlantica, is critical for maintaining the
heterogeneous soil processes that underpin ecosystem fertility. Preserving these sacred groves
safeguards essential microbial-mediated functions, ensuring long-term forest health and resilience

amidst environmental change.

Materials and methods

Study site, soil sampling

This study was conducted on a set of soils collected in the Namasher Sacred Grove, a 3.8-hectare
forest patch in Baneh County, Kurdistan Province, Iran (36°07'46” N, 45°43'54" E). Local
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traditions and field evidence indicate the grove has been strictly protected from human exploitation
for over 400 years, making it an ideal reference site [43, 10, 44]. The terrain is characterized by a
south-southwest aspect with gentle slopes of 5-10%, at an elevation of 1350 m a.s.l. The overstory
is dominated by Quercus brantii (comprising >70% of the canopy cover), with Pistacia

atlantica as a common associate. Quercus infectoria is present only as scattered individuals.

The regional climate features cold, extended winters and moderate summers, influenced by both
Siberian and Mediterranean air masses with mean annual precipitation is 650 mm, and average
annual temperature is 14°C [45]. Soils at the site are classified as Calcisols (Inceptisols and

Entisols), with a brown, calcareous profile and a texture ranging from clay loam to clay.

Soil was sampled in late September 2025 from a sacred grove. We selected five mature, healthy
individuals of each species (P. atlantica, Q. brantii, Q. infectoria) with similar crown sizes. Per
tree, soil was collected from two microsites: under tree crown (1 m from the trunk) and beyond
the drip line. At each microsite, four subsamples from the top 10 cm of soil were composited. This
yielded 30 composite samples (3 species X 5 trees X 2 positions). Samples were sieved to 2 mm,

stored at 4°C, and soil moisture was determined immediately.

Soil physicochemical and biological analyses

Water content (WC) was measured using the gravimetric method [46] after oven-drying at 105°C
for 24 hours. Soil pH was measured in distilled water suspension (1:5) at 20 °C through the
potentiometric method [47]. Field capacity (70% water-holding capacity) was established using a

pressure plate apparatus set at 0.3 bar [48].
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Soil gravimetric moisture content was determined by oven-drying soil samples at 105°C for 24 h.
Soil pH was determined in a 1:5 soil-to-water extract using potentiometric method [47]. In

addition, Field capacity (FC) was determined using a pressure plate apparatus [48].

Basal respiration (BR) was determined by incubating 25 g of soil, adjusted to 70% field capacity,
in airtight glass jars for 24 h.Carbon dioxide evolved during incubation was trapped in 0.1 N NaOH

placed inside each jar. Following incubation, the absorbed CO: was quantified by back-titration

with 0.1 N HCI, according to the method described by Anderson [21]. Basal respiration rates were
expressed as mg CO2 g™' dry soil day'. Incubation was conducted at room temperature to ensure
uniform experimental conditions. Substrate-induced respiration (SIR) was measured by
stimulating microbial activity through glucose addition. Based on a preliminary optimization

experiment, 0.1 g of glucose was added to each soil sample. The CO: evolved during incubation

was trapped in 0.5 N NaOH and quantified by titration with 0.5 N HCI, following the same

methodological approach [21].

To determine the optimal glucose concentration, an experiment was conducted under the same
conditions as the SIR measurement. Glucose was added at 0, 0.01, 0.1, 0.2, and 0.3 g to soil
samples adjusted to 70% of field capacity, with each treatment performed in triplicate. At the end
of the incubation, respiratory activity was measured for each glucose level, and the concentration
that produced the highest respiratory response was selected as the optimal concentration for SIR

measurements (Figure 4).
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Figure 4. Optimizing the glucose level for the SIR

Microbial biomass carbon (MBC) and nitrogen (MBN) were determined using the chloroform
fumigation-extraction technique following [49]. Both Fumigated and non-fumigated soils samples
were extracted with 0.5 M K:SOus. The extracts obtained from fumigation were analyzed for
organic carbon and nitrogen using the Walkley—Black and Kjeldahl methods, respectively [50].
Microbial biomass C and N were calculated as the difference between fumigated and non-

fumigated. Extracts from non-fumigated soils were used to determine dissolved organic carbon

(DOC) and nitrogen (DON) [51].

To further evaluate microbial activity and efficiency, two indices were calculated. The metabolic
quotient (qCO:2) was calculated as the ratio of BR to MBC [52]. The microbial quotient (QMic) was

calculated as the ratio of MBC to soil organic carbon (SOC) [53].
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Statistical analyses

Data were tested for normality and homoscedasticity by Kolmogorov-Smirnov and Levene's tests
before comparisons between groups. A two-way ANOVA was use to analyzing the effects of
crown position and species on soil properties. Following the results of ANOVAs, Duncan's test
was applied for post hoc pairwise comparison. (p < 0.05), Pearson correlation coefficients were
calculated to determine the relationship between parameters. All statistical analyses were

performed in SPSS (v.26), and figures were prepared in MS Excel.
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