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Abstract

In seasonally dry environments such as the Zagros Woodlands (Iran), severe drought stress and lack of
appropriate management practices can cause failure of oak afforestation or reforestation. We investigated
the effect of soil properties and burial depth on Persian Qakr¢us brantii Lindl.) establishment in
different microhabitats resulting from traditional forest practices. Four microhabitats that were based on
forest structure were considered for oak acorn seeding: (1) inside old sprout clumps (ISPC); (2) under the
canopy of tall trees (UCTT); (3) outside the canopy of tall trees and sprout clumps (OCTS); and (4) near
recent stumps or sprout clumps (RSC). Acorns were seeded at two depths (2 and 5 cm) and seedling
survival and growth variables were recorded for 4 years, together with soil chemical and biological
attributes. Stepwise discriminant analysis showed that a combination of total soil nitrogen, cation
exchange capacity, available phosphorus and potassium, litter depth, microbial quotient, metabolic
coefficient, substrate induced respiration and earthworm abundance were the best variables to characterise
the microhabitats. With the exception of pH, bulk density and soil texture, these variables were higher in
UCTT and ISPC than in the other microhabitats. Seedling emergence and survival were greater at a seed
depth of 5 cm than at 2 cm. Seedling height and shoot, root and leaf biomasses were higher in the UCTT
microhabitat compared to the other microhabitats, and correlated positively with soil nutrients contents
and most of the soil biological variables but negatively with soil bulk density. This study emphasised the
role of microhabitats in creating a “canopy effect” producing favourable physical, chemical and biological
soil conditions. In particular, large oak trees form islands of fertility and therefore are of key importance
for successful seedling establishment in forests subjected to intense human activities.

Keywords: Seeding, soil biological properties, oak sprout clumps, Zagros woodlands
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Introduction

Oak Quercus spp.) species are important components of many temperate and Mediterranean forest
ecosystems and, as such, provide habitat for a wide variety of organisms (Lindbladh and Foster 2010;
Bugalho et al. 2011; Leonardsson et al. 2015). Indeed, in the arid regions surrounding the Mediterranean
basin and southwestern Asia, oaks help regulate water supplies, promote soil conservation, mitigate climate
change, and generally improve socio-economic conditions of human populations (Marafidon 1988; Ghazanfari
et al. 2004; Sagheb-Talebi et al. 2004; Salehi et al. 2010; Valipour et al. 2014). Despite their biological and
economic importance, the recruitment of oaks is often problematic worldwide (Li and Ma 2003; Bobiec et al.
2011). This observation is typically related to acorn predation by insects, and by large and small mammals
(Gomez et al. 2003; Espelta et al. 2009; Rodriguez-Estévez et al. 2012). Seedlings can be browsed, adversel
affected by competition, or lost to disease (Ragazzi et al. 1995; Costa et al. 2010; Denman et al. 2014) and
abiotic stresses (e.g., Pedersen 1998; Thomas et al. 2002; MacDougall et al. 2010; Ramos-Palacios et al.
2014).

As is the case with population declines in many other temperate zone and Mediterranean forests that are
experiencing climate change (Loftis and McGee 1993; Abrams 2003; Rodewald 2003; Steinkamp and Hickler
2015; Helama et al. 2016), the lack of recruitment is particularly challenging in the semi-arid temperate oak
forests of the Zagros Mountains of western Iran. Even protected areas are affected, suggesting that the
presence of oaks is threatened and that particular management measures may be required to maintain thes
forests. On the other hand, the continuation of certain current management practices (mostly grazing) may
exacerbate recruitment failure in the Zagros Mountains (Khosravi et al. 2016).

In seasonally dry environments, severe drought stress can cause high early seedling mortality (Pausas et al
2004; Rodriguez-Calcerrada et al. 2010), thereby limiting the overall success of restoration plans.
Recruitment failure may result from a lack of suitable safe sites for germination and growth (Rolo et al.
2013). Direct seeding has been proposed as a time- and cost-effective method of maintaining forest
composition in diverse ecosystems (Woods and Elliott 2004; Dey et al. 2008). The effectiveness of this
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method can be further modified by establishing more favourable microhabitat conditions. The latter can be
created through judicious application of management practices that alter light regimes, as well as soil
physical, chemical and biological properties (Strandberg et al. 2005; Pereira et al. 2007; Patrick et al. 2015).
These changes can positively influence the growth and physiology of seedlings by modifying both above- and
belowground conditions.

In the case of belowground conditions, the emergence, establishment and early growth of seedlings is affected
by various physico-chemical properties, including soil water content (Shankar 2006), nutrient availability
(Roberts et al. 2005), organic matter thickness (Lafleur et al. 2015), and soil compaction (Jordan et al. 2003),
which in turn affect soil biological characteristics (Closa and Goicoechea 2010). In addition, seedlings that are
established near canopy trees can benefit from different communities of root symbionts and, thus, increase
nutrient uptake compared with seedlings that have established in openings (Simard and Durall 2004). Despite
various studies examining the relationships between regeneration and soil physico-chemical properties
(Kabrick et al. 2005; Hattori et al. 2013), our understanding is still limited regarding the interplay between
these factors (Dickie et al. 2007). The influence of many biological attributes of the soil on seedling
establishment has still been poorly studied, although they play a major role in forest ecosystem functions
(Selosse et al. 2006).

For example, soil respiration is an important component of forest C balance, accounting for 60—80 % of total
ecosystem respiration and significantly affecting inter-annual variability of net ecosystem productivity,
particularly in Mediterranean forest ecosystems (Tedeschi et al. 2006), which are particularly sensitive to
drought (Reichstein et al. 2002). Soil respiration reflects not only the activity of plant roots, mycorrhizas, and
microbial decomposers, all of which are potentially important to plant growth (Ryan and Low 2005), but also
the capacity of the soil to support the biota and biogeochemical processes that they drive, including
decomposition, together with soil organic matter quality, quantity and accretion. Yet soil respiration has been
never related to seedling establishment, to our knowledge. Other biological properties such as nitrogen
availability, carbon availability and litter decomposition have been proposed as suitable indicators of forest
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ecosystem conditions and biological indices of soil quality (Knoepp et al. 2000). Rawnsley (2008) noted that
changes in microbial activities or populations can quickly reflect changes in soil chemical and physical
properties and can thus be considered as an indicator of impending soil disturbance.

With regard to aboveground conditions, increased solar radiation has been found to have positive effects on
regeneration development in canopy gaps (Ashton and Larson 1996; Li and Ma 2003), whereas other studies
noted that oak acorn germination and seedling establishment can be facilitated under a forest canopy or nurse
shrub cover, especially in arid regions (Bran et al. 1990; Bernhardt and Swiecki 1997; Broncano et al. 1998;
Gbomez-Aparicio et al. 2003; Rolo et al. 2013; Caldeira et al. 2014). This is the case for HolQuaaks(

ilex L.) in western Mediterranean forests, where seedling survival was increased under a canopy (Espelta et al.
1995; Puerta-Pifiero et al. 2007). In mesic temperate forest ecosystems, the underplanting of a mixed canopy
shelterwood system can potentially benefit red d@kr(bra L.) and bur oak @. macrocarpa Michaux)

seedling establishment and growth, (Truax et al. 2000).

In addition to the effects of prevailing below- and aboveground conditions in microhabitats, sowing depth can
also influence regeneration establishment as shown by many previous studies (Tietje et al. 1991; Fuchs et al.
2000; Li and Ma 2003; Jalali et al. 2007; Fan et al. 2014).

In this study, we investigate how modification of soil properties by various microhabitat conditions that were
created by traditionally coppicing operations can affect Persian Qa#&dus brantii Lindl.) seedling
establishment. We focused on the effects of soil attributes and seed burial depth because they were less
frequently studied compared to the effects of aboveground conditions. The results from this study can help
adjust management strategies to maintain the abundance of Persian oak in areas that are subjected to semi-ar

conditions.
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Materials and methods

Study area

The study area is part of the Zagros woodland ecosystem, which ranges from northwest to southeast Iran, anc
is classified as a semi-arid temperate forest (Sagheb-Talebi et al. 2004). These woodlands are located in the
Dalab region of llam Province (Fig. 1). According to the classification system of de Martonne (1925), the
climate of this region is Mediterranean, with annual precipitation of 590 mm and annual mean temperature of
17 °C. Elevation of the study area ranges from 1100 to 1300 m and is characterised by a generally flat
topography. The dominant soils in the study area are Mollisols (Soil Survey Staff 2014). The soil is
calcareous, rich in organic matter with a clay loamy texture and mean depth of 30-40 cm.

The dominant canopy species in these forests is PersiaQuoalcys brantii Lindl.), also known as Brant’s

oak, which is widely distributed across western Asia and the Middle East (Turkey, Iraq, Syria and Lebanon)
(Pourreza et al. 2014). Persian oak covers more than 90 % of the study area with individuals originating either
from seed or from coppicing. Seed-origin trees are considered to be the most desired and valuable source of
propagules from an ecological perspective (e.g., soil protection and stability), while coppicing frequently
results from the imposition of natural disturbance, such as windthrows (Ghazanfari et al. 2004) or, more
usually, originates from anthropogenic disturbance that may be incurred by traditional management practices
(Salehi et al. 2010; Khosravi et al. 2016). Indeed, trees are frequently cut during land use conversion to
agriculture and animal pastures, and for meeting fuelwood demands (Moreno et al. 2007; Salehi et al. 2010).
In recent decades, grazing has been controlled by excluding livestock from most afforested areas. The coppice
form of these forests alters the primary regeneration pathway, thereby reducing the opportunities for
regeneration establishment by seed (Pourreza et al. 2014). Due to a change in national policy that was adoptec
in 1963, private ownership shifted to public ownership and state forest management. However, traditional
practices and conventional ownership have continued since then. One of the most obvious effects of this
management is an increase in the percent cover of coppiced stands and, consequently, a decrease in natur;

seed regeneration (Valipour et al. 2014).
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Experimental design

Within the study area, we established five 58@ong parallel transects, which were spaced 200 m apart.
Along these transects, we randomly selected seeding locations that corresponded to four forest conditions
(referred to as “microhabitats”), which resulted from traditional coppicing practices. The microhabitats were:
(1) inside old sprout clumps that were taller than 3 m (ISPC), which is a sign of a previous disturbance; (2)
under the canopy of tall trees (UCTT,; mean tree height > 5 m); (3) outside the canopy of tall trees and sprout
clumps (OCTS); and (4) adjacent to (1-2 m) recent stumps or sprout clumps, with a mean height less than 1.5
m (RSC), which is a sign of recent disturbance (Fig. 2). Stand characteristics of these microhabitats are
summarised in Table 1.

At each planting location (10 locations per microhabitat x 4 microhabitats = 40), 5 oak acorns were manually
sown in adjacent separate holes at depths of 2 and 5 cm, respectively, in December 2010 (i.e., 40 locations x Z
depths x 5 acorns = 400 acorns). In the ISPC microhabitat, oak acorns were sown in the centre of a sprout
clump, adjacent (1-2 m) to parent trees that were present in the UCTT microhabitat.

All acorns that were to be sown were collected in autumn 2010 from naturally established elite trees that were
located within the experimental area. After eliminating non-viable acorns by careful visual screening, the
seeds were selected using the same morphological characteristics (mean seed length + SE of 3.81 £ 0.11 cm
seed width of 1.62 + 0.18 cm and seed mass of 6.63 + 1.20 g) to control seed mass, which can influence
seedling emergence and early development (e.g., Quero et al. 2007; Ramirez-Valiente et al. 2009; Perez-
Ramos et al. 2010). Germination of 94 % was observed from a test using 100 seeds that were sown in sterile
sand under controlled conditions of temperature and humidity. The acorns were randomly assigned among
microhabitatsAfter planting, the study area was protected by forest rangers to avoid disturbance incurred by
local inhabitants. Persian squirre®i(rus anomalus) and wild boars$us scrofa) are major acorn consumers

in Zagros forests (Pourhashemi et al. 2012) and may also affect the success of seedling establishment througt

herbivory. Although the proximity of a main road helped repel squirrels and wild boars from the study area
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(as reported by local inhabitants and forest wardens), we also applied the additional measures before and
during the study: 1) acorns were gathered from the seeding areas and dispersed to adjacent regions as a meal
of decreasing habitat quality for seed predators; 2) to deter predators, we applied capsaicin, which is a natural
repellent that is obtained from chili peppers (Nolte and Barnett 2000); and 3) we constructed an exclosure
fence around seeding plots. During the four years following acorn planting, all naturally fallen seeds were
removed from the seeding areas to maintain uniform conditions. We did not detect any predation by rodents,

wild boars or other herbivores over the course of the experiment.

Seedling measurements

The number of living seedlings was recorded annually in May 2011, 2012, 2013 and 2014. At the end of the

experiment (May 2014), the remaining alive seedlings were measured (stem diameter at root collar and

height) and carefully excavated. Seedling extraction entailed digging a 60 cm deep trench at a distance of 20
cm around each individual to avoid damaging the root systems, after which the entire seedling was carefully

removed (Tsakaldimi et al. 2009). For each seedling, we measured total leaf area (CI-203 Handheld Laser
Leaf Area Meter, CID Bio-Science, Inc., Camas, WA, USA) prior to determining the oven-dry biomass (70

°C for 120 h) of roots, stem and leaves.

Soil sampling and analysis

Ten composite soil samples were collected in May 2010 for each microhabitat. The bulk samples consisted of
material that was collected at four randomly selected locations around each planted seed using the uppermos
25 cm of the soil. Soils were sieved (2-mm mesh) to remove roots and debris prior to laboratory analyses and
divided into two subsamples. The first subsample was air-dried for measuring physico—chemical properties.
Additional undisturbed soil cores were collected for the determination of bulk density (BD) in the 0-15 cm
mineral layer (Blake and Hartge 1986). Soil moisture content (water mass/soil dry mass) was determined
gravimetrically (oven-drying at 105 °C for 24 h; Famiglietti et al. 1998). Soil organic carbon (SOC) was

8
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measured by dichromate oxidation using the Walkley-Black method (Nelson and Sommers 1982). Soil pH
was measured electrometrically (in@® 2:1 v/m) while electrical conductivity (EC) was measured with a
conductivity probe in filtered extracts (Kalra and Maynard 1991). Soil cation exchange capacity (CEC) was
determined following extraction in buffered sodium acetate (NaOAc, at pH 8.2; Sumner and Miller 1996).
Total N was determined by Kjeldahl digestion (Bremner 1996). Available phosphorus, as ofthovR®
determined using the method of Bray and Kurtz (1945). Available potassium was determined following

ammonium acetate (pH 7) extraction and quantified by flame photometry (Black 1986).

The second bulk subsample was maintained at field moisture and stored at 4 °C for subsequent measurement
of soil microbial activity. Microbial biomass carbon (MBC) was measured by determining the organic carbon

in chloroform-fumigated and non-fumigated samples by dichromate oxidation, as described by Vance et al.
(1987). Soil MBC was then estimated from the equation: MBC = 2;8¥ &nce et al. 1987), where. 5 the
difference in carbon that was determined in 0.5 }8®, extracts of fumigated and non-fumigated soils, both

of which are expressed as @gg' oven-dry soil. The microbial quotient (qMic) was calculated as the MBC:
SOC ratio (Sparling 1992). Microbial biomass nitrogen (MBN) was determined in the s&0g d«tracts,

as total Kjeldahl nitrogen (TKN, Brookes et al. 1985). The flush of total M@K extractable-N from
fumigated minus non-fumigated soil) was divided by,avillue (fraction of biomass N extracted after CHCI

fumigation) of 0.54 (Brookes et al. 1985).

Soil basal respiration (BR) was determined by trapping (in 1 M NaOH traps) and quantifyingat@as
emitted from soil samples over a five-day period (Alef and Nannipieri 1995). Substrate-induced respiration
(SIR) was determined using glucose (1 %) as the substrate and the evolvedh<@easured after 8 h
incubation. Evolved COwas adsorbed in 1 M NaOH and measured by 0.1 M HCI titration (Anderson and
Domsch 1978). A soil microbial metabolic quotient (&IMBC) was calculated as the O evolution

per unit MBC per unit time (Anderson and Domsch 1993).
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Because earthworms were found to be useful indicators of forest management regimes (Heydari et al. 2014),
earthworms were hand-collected around each planting plot, by sampling an area 50 x 50 cm to a depth of 20
cm. Earthworm abundance was calculated by determining the number of individuals per unit surface area

(m?).

Statistical analysis

Discriminant function analysis (DFA) was used to find linear combinations of the edaphic biological variables
that best separated the microhabitats (Rencher 2003; Pourreza et al. 2014). Wilks' lambda statistic was used a
a selection method for stepwise discriminant analysis to choose the variables that were entered in the
equation. At each step, the variable that minimised the overall Wilks' lambda statistic was entered. Entry and
removal of variables was accomplished using tests of the assdeiatatistics. Then, a matrix of pairwise

ratios for each pair of microhabitats was used according to the selected variables after each step. Scores wert
calculated for each discriminant function (DF), and visualised by plotting DF2 against DF1. The associated
classification matrix was used to determine the predictive accuracy of the discriminant functions.

Effects of microhabitats (ISPC, UCTT, RSC and OCTS) on each of the soil properties (chemical, physical
and microbiological variables) were determined using individual one-way analyses of variance (ANOVA).
The effects of microhabitats, seeding depth and their interaction on seedling emergence percentage, height,
and biomass components (leaf, stem, root, total aerial biomass, shoot/root ratio) were tested using general
linear models (GLM). In addition, the effect of time (year) was tested for seedling survival.

Prior to the analyses, the variables were transformed when necessary to satisfy assumptions of normality and
homoscedasticity of residuals. Post-hoc Duncan’s tests were used to separate microhabitat means for the sam
seeding depth. Independeitests were used to detect significant differences in seedling characteristics
between the two depths for each microhabitat. Pearson product-moment correidtienpldred the

relationships between seedling characteristics and soil properties. With respect to the latter properties, only
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soil variables that were most likely to separate microhabitats, based on discriminant analysis, were included in

the correlation analyses. All analyses were conducted in SAS (SAS Institute Inc., Cary, NC).

Results

Soil physico-chemical properties

Among the soil properties, mean values for SOC, EC, CEC, TKN, P and K were highest in UCTT, which was
followed by ISPC, OCTS and RSC in decreasing order (Table 2). Bulk pH varied little among microhabitats,
although they formed two groups that could be ordered: OCTS = RSC > ISPC = UCTT. Ordering of means
for gravimetric water content among microhabitats was similar to soil pH: OCTS > ISPC = RSC > UCTT.
Bulk density was the lowest in UCTT, which was followed by ISPC, OCTS, and RSC in increasing order.
Litter depth was greatest in UCTT and lowest in RSC (Table 2), mirrored the trend observed for soil bulk
density. Clay content differed significantly between UCTT and the other microhabitats, whereas silt and sand

contents did not differ among microhabitats.

Soil biological variables

For the biological variables (Table 3), means of MBC, MBN, BR, SIR, gMic and earthworm abun@éaece
significantly higher in UCTT than in ISPC (14-29 % higher), higher in ISPC compared to OCTS (11-50 %),
and higher in OCTS compared to RSC (12-29 %). With the exception of gMic, mean values in the last two
microhabitats were not different. The metabolic coefficient (§G&as similar between OCTS and RSC
(17.51 and 17.31, respectively), but were significantly higher than UCTT and ISPC (15.50 and 13.32,

respectively).

Discriminant function analysis
Stepwise discriminant analysis reveal that a combination of TKN, CEC, P, K, litter depth, qMig, 3RO
and earthworm abundance best separated microhabitats (Table 4). Examination of the Ppaiatiise
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matrices for each pair of microhabitats showed that microhabitats were significantly separated at step 1,
except for RSC from OCTS. At subsequent steps (step 2 onwards), all microhabitats were significantly
separated. Steps 3 and 4 reproduced the same results as step 2. According to the selected variables, thre
significant functions were obtained with respective eigenvalues;of)(7.19, A, =) 3.24 and X3 =) 0.36,

which explained 79.1 %, 39.6 % and 8.9 % of the total variance, respectively. According to the standardised
coefficients of each variable, TKN (0.333), CEC (0.436), P (0.396), K (0.423), litter depth (0.389), qMic
(0.455), earthworm abundan¢@.445) and SIR (0.349) in function 1, versus CEC (-0.325), SIR (-0.647),
gMic (-0.698), qCQ (0.422) and earthworm abundance (-0.615) in function 2, were best able to separate
microhabitats (Table 4).

Microhabitats ISPC and UCTT were effectively separated from the others along DF1, whereas the
microhabitats RSC, OCTS and UCTT could be separated along DF2 (Fig. 3). OCTS and RSC microhabitats
were close to one another in the discriminant ordination, suggesting that they were the most similar (Fig. 3).
Stepwise discriminant analysis indicated that 82.5 % of the four original microhabitat groupings could be
classified correctly according to the microbial predictor variables. Respective microhabitat classification

accuracies (Table 5) were 100 % (UCTT), 80 % (ISPC), 80 % (RSC) and 70 % (OCTS).

Seedling characteristics

The percentage of surviving seedlings was significantly affected by microhabitats, time-since-seeding,
seeding depth, and the microhabitat by depth interaction (Table 6). All other interactions did not affect
seedling survival. Across microhabitats and at both depths, seedling survival percentage decreased from 2011
to 2014 (Figs. 4a, b). For the last year (2014), highest seedling survival was always observed in UCTT (2 cm
depth: 60 %, 5 cm: 70 %) and was lowest in RSC (~10 %). However, seedling survival in OCTS was as low
as in RSC for a seeding depth of 2 cm (Fig. 4a), whereas higher survivals were recorded in OCTS compared
to RSC at a depth of 5 cm (Fig. 4b). Within each microhabitat, mean seedling survival percentages were
higher for deep compared to shallow soil burial (5 cm vs 2 cm) in OCTS for all years and in ISPC for 2011

12
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only (Fig. 5). Seedling height, total leaf area, leaf dry biomass, root dry biomass, stem dry biomass and total
aerial dry biomass responses were significantly affected by microhabitats, whereas root-collar diameter and
shoot/root ratio remained unaffected (Table 7). All variables were similarly not affected, either by the seeding
depth or by the microhabitat by seeding depth interaction. Except for the shoot/root ratio, all seedling

characteristics were significantly higher in UCTT compared to the other microhabitats, which did not differ

(Fig. 6).

Relationships between seedling characteristics and soil properties

Correlations between seedling characteristics (including emergence, survival, dimensions and biomass) and
soil properties showed that soil moisture and soil attributes that are important to plant nutrition (P and N
contents, soil organic content, CEC) positively influenced seedling characteristics, except for stem diameter
and the shoot/root ratio (Appendix 1). The same trend was observed for soil microbial variables, although
more significant correlations were detected under the 5-cm rather than the 2-cm burial treatments. Increasing
bulk density negatively affected several seedling attributes, particularly under the 5 cm seeding depth

treatment. Lastly, we did not detect any effect of soil texture on seedling performance.

Discussion

Microhabitats and soil chemical and physical properties

Our results indicated that SOC, EC, CEC, available P, TKN and K, water content, clay percentage, and litter
depth were highest under the canopy of tall trees (UCTT), intermediate inside old sprout clumps (ISPC), and
lowest in recent sprout clumps (RSC) and outside canopy (OCTS). These findings are largely explained by
greater quantities of litter and other debris under seed-origin mature oak trees, which have larger and denser
crowns than those of trees that originated from coppicing (ISPC), while litter accumulation was limited

considerably when canopy cover is sparse (RSC) or absent (OCTS). Accumulation of litter leads to higher
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soil organic matter content, which further modifies nutrient availability (Sayer 2006). Indeed, Delgado-
Baquerizo et al. (2013) found that high organic-C concentrations accumulate under tussock grasses, forming
“islands of fertility” (sensu Schlesinger et al. 1990, 1996; Whitford et al. 1997; Schade and Hobbie 2005;
Allegrazza et al. 2016) in arid Mediterranean ecosystems. Islands of fertility extend to many arid zone shrub
and tree species, including blue o&k ¢louglasii Hook. & Am.) woodlands (Dahlgren et al. 1997, 2003).
Amelioration of moisture and temperature regimes by developing fertility islands results in more stable
microclimates (Allegrazza et al. 2016), decomposer communities and decomposition processes, which
generally result in higher N and P availabilities. This agrees with positive relationships that have been found
between tree proximity and soil fertility (Amézquita et al. 2005; Moreno and Obrador 2007; Howlett et al.
2011). Improvement in soil properties with increasing canopy cover (from OCTS to UCTT) was also
observed by Camping et al. (2002), who recorded higher organic carbon, nitrogen and phosphorus levels in
soils under a blue oak canopy than in adjacent treeless soils. Similarly, Hailu et al. (2002) reported higher
CEC values beneath the crowns of birballettia ferruginea) than in open field conditions, which was due

to greater surface accumulations of organic matter. Organic matter is able to retain base cations for plant use
while reducing soil leaching, thereby further increasing CEC. Like organic matter, clay content increases CEC
values because both have a large number of negative charges on their surfaces, which attract and hold cation
(Tomast et al. 2013).

Soil pH significantly decreased in both UCTT and ISPC compared with OCTS and RSC. Davenport et al.
(1996) observed lower pH values in the soil under pifion-juniper canBpws( edulis—Juniperus
monosperma), when compared to the soils in the intercanopy spaces. This response is likely associated with
the decay of plant residues and subsequent production of organic acids beneath the canopy, which results ir
reduced soil pH. In addition, Augusto et al. (2002) proposed that lower soil pH beneath a tree canopy was
related to higher anion concentrations in soil solution, higher quantities of acids reaching the soil from
atmospheric deposition or litterfall (Matzner and Ulrich 1983), a higher degree of protonation of stabilised
soil acids (Augusto et al. 2003), and a higher strength of soil acids (Strobel et al. 1999).
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Higher soil electrical conductivity that was observed under the oak canopy (UCTT and ISPC) is consistent
with the findings of Jahanbin et al. (2013). These authors measured larger quantities of organic acids under
the canopy of common myrtléMrtus communis L.) compared to open areas, the result of organic matter
decay leading to the dissolution of minerals and ion release, which in turn significantly increased soil EC.
Microhabitats also influenced soil physical properties. Clay concentration was highest in UCTT, likely
because of large accumulations of detrital material that retarded the transport and erosion of fine particles by
water and wind, a result that was also found by Shukla et al. (2006) in semi-arid woodlands in New Mexico,
USA. In the present study, greater quantities of clay and organic matter content increased soil water-holding
capacity (Heydari et al. 2013) in UCTT. Also, well-developed canopy covers can influence many abiotic
variables in the understorey. For one, reduced irradiance under the canopy results in a cooler environment
compared to open areas, while interception of convective and radiative heat loss by the canopy results in a
warmer understorey during the night (Jacobs et al. 1994; Niinemets and Valladares 2004). Evapotranspirative
demand is therefore reduced, which is typically associated with increased in soil moisture content (Bullock
2000, Monnier et al. 2012; Leiva et al. 2015). These changes have important implications for carbon gain and
plant development (Sellin et al. 2010).

Bulk density was lower in UCTT and ISPC, a result that could be explained by accumulation of litter and
other debris under tree canopies, which can reduce mineral soil compaction and crusting caused by raindrop
impaction (Shukla et al. 2006), while increasing organic matter content in the soil. Conversely, a decrease in
soil organic matter increases instability of soil aggregates, which generally results in increased bulk density
(Camping et al. 2002; Seymour and Tecle 2004). Accordingly, Tate et al. (2004) showed a canopy cover
composed of woody species reduced surface soil bulk density, thereby improving soil quality in a California

savannah including blue oak and interior live d@kwislizenii A. DC.).
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Soil biological variables

Mean values of MBC, MBN, BR, SIR, gMic and earthworms were higher in UCTT than in ISPC, which in
turn were higher than in OCTS and RSC (Table 3). Microbial respiration and microbial activity depend upon
the quality and quantity of substrate (Cisneros-Dozal et al. 2006; Schuur and Trumbore 2006). Further,
microbial physiological profiles, which indicate the range and level of carbon substrate utilisation, show
higher activities under a canopy than in open areas, as determined by Classen et al. (2003) from studies
conducted in woodland soils of the arid southwestern United States. In addition, microbial activity is affected
by variation in temperature, moisture, and other soil physical and chemical properties (Classen et al. 2003;
Borken et al. 2006; McCarthy and Brown 2006), all of which are modified by the presence of a canopy.
Because the combined effect of tree canopy cover and litter accumulation can moderate fluctuations in soil
temperature and moisture, a reduction in canopy cover can decrease soil microbial activities (McCarthy and
Brown 2006). This may explain the lower microbial activity that was measured in RSC and OCTS
microhabitats compared to UCTT and ISPC. Given that soil organic carbon provides favourable conditions
for microorganism activity, soil microbial biomass carbon and nitrogen also increase with increasing soil
organic carbon (Ebrahimzad et al. 2013). Tree harvesting and mortality change both litter quality and
guantity, together with inputs of C substrates, nutrient leaching and microclimate, which correspond to
conditions found in RSC and OCTS. These changes can adversely affect the activities of the soil biota
(Brookes et al. 1990; Marshall 2000; Hannam et al. 2005). The increase of earthworm abundance in UCTT
and ISPC is consistent with Salehi et al. (2013), who reported greater earthworm abundances in soils with
higher organic matter contents in northern Iran. Density of earthworms (particularly, anecic and epigeic
species; Bouché 1977) was strongly dependent upon litter quantity, one of their principal food sources (Sayer
2006). Earthworms and other macro-invertebrates can accelerate litter disappearance through mixing and
comminution of leaves (Schadler and Brandl 2005), and further processing of the fine particulate organic
matter during gut passage. Their feeding and burrowing increases C-mineralization and microbial biomass,
and alters microbial community structure and activity (Saetre 1998; Parkin and Berry 1999; McLean and
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Parkinson 2000; Gomez-Branddén et al. 2011). Thus, higher microbial activity that was measured in UCTT

was likely related to increased earthworm abundance.

In our study, qC®was higher in RSC and OCTS, indicating possible disturbance of microbial metabolism
that was induced by changes in the quantity and quality of available substrates. Pignataro et al. (2012)
likewise reported higher qGQevels in 3-year-old coppice compared to 50-year-old coppice. Under stress
that is induced by management practices, a high value of the metabolic quotient can reflect decreased
microbial efficiency in utilising available resources (Sparling et al. 1998); therefore, soil microbes with a high
gCQ;, are inefficient, diverting a large proportion of acquirédo maintenance requirements rather than to
biosynthesis (Dilly and Nannipieri 1998). Similarly, Zeng et al. (2009) reported negative relationships
between metabolic quotient and values of soil organic carbon and MBC after planting Mongolidinise (
sylvestris var. mongolica).

Discriminant analysis differentiated the four sampled microhabitats based on biological, physical and
chemical soil variables. A combination of TKN, CEC, P, K, litter depth, gMic, G&OR and earthworm
abundance appropriately separated microhabitats. The short distance between OCTS and RSC, and betwee
UCTT and ISPC in discriminant ordination space, suggests that these two combinations of microhabitats were
very similar in terms of their soil characteristics. The most visible attribute that differentiated these two
combinations of microhabitats was the presence or absence of an oak tree canopy, which was recognised as
significant factor affecting diverse soil properties in many previous studies (Classen et al. 2003; Rodriguez-

Calcerrada et al. 2011; Simoén et al. 2013).

Seedling characteristics

We measured lower seedling emergence and survival at a seeding depth of 2 cm compared to 5 cm for the
different forest microhabitats, a result that was consistent with previous studies (Kollmann and Schill 1996;
Fuchs et al. 2000; Li and Ma 2003; Fan et al. 2014). In these studies, acorn germination and early seedling

development were improved with deeper rather than shallower burial depths as a result of the greater
17



Author-produced version of the article published in European Journal of Forest Research, 136, 2, 2017, 287-305.
The original publication is available at https://link.springer.com/article/10.1007/s10342-017-1029-4
DOI: 10.1007/s10342-017-1029-4

insulation that was provided by the thicker sail layer which reduced acorn moisture loss and predation. This
issue is particularly important in the Zagros oak woodlands, which are characterised by frequent heatwaves
and drought events during the summers. Jalali et al. (2007) also noted that maximum seedling emergence of
chestnut-leafed oal), castaneifolia) occurred at a seeding depth of 5 cm in the Caspian forests of northern
Iran, compared to seedling emergence following acorn burial at 2 or 15 cm. In contrast to our results, these
authors noted that seedling height was not influenced by canopy cover. However, their study was conducted
under more temperate and humid conditions. Indeed, we found that at both seeding depths, seedling
emergence, survival and growth (height, and the biomass of each seedling compartment) were higher under
full tree cover (UCTT) compared to the three other microhabitats that we studied. Seedling survival
gradually decreased over time, which can be explained by the occurrence of summer droughts. It should be
noted that no particular severe dry events had occurred during the experiment (2011-2014). Therefore,
observations over a longer time period are required to determine whether seedling mortality would increase
during “dry” years. Indeed, competition from adult trees for soil water may become more intense during dry
years and could adversely affect seedling survival in the different microhabitats. Yet, limitation of herb
development (not considered in this study) under the tree canopy could indirectly facilitate seedling survival
(e.g., Caldeira et al. 2014) compared to open areas.

Light availability, air temperature and humidity, and soil moisture and nutrients are important factors that
determine seedling recruitment and growth (Nambiar and Sands 1993; Baskin and Baskin 1998). In
Mediterranean environments, these abiotic conditions were improved by the presence of a moderate canopy
cover with positive effects on the survival rate of oak seedlings compared to open areas (Broncano et al.
1998; Gomez-Aparicio et al. 2005; Puerta-Pifiero et al. 2007; Ibafiez et al. 2015). Our results showed higher
soil fertility in UPTC compared to the other microhabitats, together with likely amelioration of aboveground
climatic conditions (although this was not measured in this study). As previously indicated, greater quantities
of litter and detritus beneath a canopy cover can add N and C to the soil, which leads to positive effects on
soil structure, biological activity, aggregation, porosity, and infiltration rate that accompany decreases in soil
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bulk density (Shukla et al. 2006; Pereira et al. 2007; Shvaleva et al. 2014, Lafleur et al. 2015; Patrick et al.
2015). These changes can improve the growth and physiology of seedlings (Dickie et al. 2007). Previous
studies comparing microsites that are located beneath tree or shrub canopies and in openings have frequentl
shown improvement of topsoil fertility by the woody plants, creating a facilitation effect (e.g., Gémez-
Aparicio et al. 2005, Allegreza et al. 2016). Simard and Durall (2004) also observed that seedlings
establishing near a tree canopy could benefit from the mycelial network that connects different communities
of root symbionts. Seedlings could “plug in” to the existing network, thereby acquiring photosynthate and
increasing nutrient uptake, compared with seedlings that are established in openings and isolated from such
networks (e.g., Teste et al. 2009a,b). In the present study, positive correlations between seedling growth
responses and various soil characteristics (K, GE®, P, LD, SIR, gMic and earthworms) indicated
potential facilitative effects of mature oak trees on understory oak seedlings. Such positive effects on seedling
survival and growth have already been observed in various environments (Simard and Durall 2004; Roberts et

al. 2005; Closa and Goicoechea 2010; Lafleur et al. 2015).

Conclusions and management recommendations

Traditional management practices, specifically oak coppicing, produce small-scale heterogeneity of the forest
floor, which can greatly influence seedling establishment success. This study emphasised the importance of a
“canopy effect” that produces suitable environments for seedlings through the presence of a canopy cover.
We have shown that this canopy effect is associated with favourable physical, chemical and biological soil
conditions. In fact, litter accumulation beneath canopies increased soil nutrients, humidity and microbial
activity in ways that were favourable to the establishment of large-seeded species such as Persian oak. Furthe
research is needed to deepen our understanding of the interrelations between soil attributes and early seedlin
life-stages by taking into account predation and microclimatic conditions. However, this study demonstrates
the importance of conserving the remaining large trees in degraded semi-arid, drought-prone environments
and in forests disturbed by management activities. Remaining old trees promote the so-called “islands of
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fertility” by improving most of the soil parameters that represent suitable microhabitats for seedling
recruitment. Our results suggest that tree facilitation has to be considered in management plans of
Mediterranean woodlands, which are threatened by an insufficient density of mature trees, as has been
observed in other Mediterranean forest ecosystems. We recommend the preservation of some forest patche:
from human disturbing activities (in particular wood cutting and grazing). These forest patches can be centred
on groups of remnant trees as they represent suitable microhabitats for oak seedling recruitment. These old
forest patches could also promote biodiversity and act as seed trees to help improve acorn dissemination anc

oak seedling establishment.
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Table 1.Main mensurational characteristics (mean + SEDwdrcus brantii within four microhabitats. Ten clumps/ trees

per type were used for measurements.

Microhabitats DBH Height Number of sprouts per Crown canopy arei
(cm) (m) clump (m?

UCTT 64.00+4.42 7.20+0.60 - 38.00+2.81

ISPC 26.21+3.79 4.20+0.34 5.11 £ 0.50 26.14 +2.20

RSC 217+£0.09 1.30+0.12 6.10 £ 0.37 2.21 £0.09

OCTS - - -

Abbreviations:under the canopy of tall trees (UCTT), inside old sprout clumps (ISPC), outside the canopy of high trees and sprout

clumps (OCTS), and recent stumps or sprout clumps (RSC), DBH diameter at breast height.

Table 2. Soil physical and chemical variables (mean + SE) measured in the different microhabitats

Physical-chemical variables UCTT ISPC OCTS RSC
SOC (g/kg dry soil, 58.01+1.24 a 41.06+1.11b 29.18+0.82¢c 30.15+0091¢c
pH 7.11+0.05b 7.20+0.05b 7.50+0.01a 7.40+0.01a
EC (dS/m) 0.51+0.02a 0.44+£0.02b 0.31+0.03¢c 0.33+0.03c
CEC (cmol'/kg) 3221+241a 26.69+2.28b 23.32+1.18¢c 22.71+1.17¢c
TKN (g/kg dry soil) 496+0.14 a 3.63+0.28b 234+0.11c 243+0.11c
Available P (mg/kg dry soil) 3511+121a 29.21+0.83b 18.13+0.61c 17.22+£0.39¢c
Available K (mg/kg dry soil) 520.18 +18.22a 452.23+16.24Db 321.21+15.82¢c 337.17+12.21c
Water content (%) 33.14+0.71a 23.44+0.34b 15.33+0.21 ¢ 20.12+0.29b
Bulk density (g/cnt) 0.89+0.02c 1.12+0.04 b 1.21 +0.06 a 1.26 +0.02 a
Clay (%) 27.00+1.23 a 25.05+0.89b 24.43+1.02b 24.69+0.86b
Silt (%) 25.00+0.76 26.18 £1.13 25.70 £ 0.95 26.19 + 0.65
Sand (%) 48.00 £ 1.53 48.77 £1.45 49.87 £ 1.60 49.12+1.75
Litter depth (cm) 15.12+1.32a 11.14+1.21b 8.05+0.92c 5.03+0.83d

Within rows, means with the same letters do not significantly differ 0.05). Abbreviations: under the canopy of tall trees (UCTT),

inside old sprout clumps (ISPC), outside the canopy of high trees and sprout clumps (OCTS), and recent stumps or sprout clumps

(RSC); EC, electrical conductivity; CEC, cation exchasgpacity; SOC, soil organic carbon; TKN, total Kjeldahl nitrogen
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Table 3. Soil microbial variables (mean + SE) of soil measured in the different microhabitats

Soil biological variables UCTT ISPC OCTS RSC

MBC (ug/g) 1044.12 £22.01 a 863.18 £19.01 428.81 £8.08 ¢ 371.74+£8.32¢c

MBN (ug/g) 81.14+5.30 a 69.93+4.11b 37.84+3.06c 28.61+2.28¢c

BR (mg CO,- C/kg/day) 16.24+1.84 a 1154+1.13b 751+082c 6.41+0.71c
gMic (mg MBCI/g C soil) 211+0.11a 1.80+0.14 b 1.60+0.21¢c 1.13+0.18d

qCO, mg CO,-C/mg/MBC/ 1550+1.21b 13.32+121c 1751+1.40a 1731141 a

SIR (mg CO,-C/kg soil/day 26.11+x16a 21.50+0.90 b 10.72+0.71 c 9.31+0.50c
Earthworms (Number/m? 5.14+0.02 a 3.94+0.04b 2.18 £0.06 c 1.92+0.02c

Within rows, means with the same letters do not significantly differ 0.05). Abbreviations: under the canopy of tall trees (UCTT),
inside old sprout clumps (ISPC), outside the canopy of high trees and sprout clumps (OCTS), and recent stumps or sprout clumps
(RSC); MBC, Microbial Biomass Carbon; MBN, Microbial Biomass Nitrogen; BR, Basal Respiration; gMic, Microbial quotient;

qCO,, Metabolic coefficient; SIRsubstrate-inducedrespiration
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Fig. 2 Microhabitatsareas, under the canopy of high trees (UCTT), inside old sprout clumps (ISPC), outside the canopy of high trees

and sprout clumps (OCTS) and recent stumps or sprout clumps (RSC).
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Fig. 3 Scatter plot of the first two discriminant function values for eadtrohabitat(mean and standard deviation bar), under the

canopy of high trees (UCTT), inside old sprout clumps (ISPC), outside the canopy of high trees and sprout clumps (OCTS) and recent

stumps or sprout clumps (RSC).
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Fig. 4 Changes of seedling survival (mean + SE) with years according to the different microhabitats (UCTT, ISPC, RSC and OCTS) at
seeding depth 2 cm (a) and 5 cm (b). Means with the same letters are not significantly different between microhabitats for a same year based
on Duncan's multiple range test (p< 0.01). Abbreviatiomgler the canopy of high trees (UCTT), inside old sprout clumps (ISPC),

outside the canopy of high trees and sprout clumps (OCTS) and recent stumps or sprout clumps (RSC).
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Fig. 5 Differences in seedlingurvival (mean + SEpetween the two soil depths for each microhabitat and each year.

Stars indicataignificant differences (*p< 0.05 and **p< 0.01) between the two seeding depths in each microhabitat and in each year

based on independent t-test. ns = not significar0(@5)
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Fig. 6 Differencesn seedling height, total leaf area, leaf dry biomass, root dry biomass, stem dry biomass, total aerial dry biomass and
aerial dry biomass / root dry biomass (mean + standard error) according to the different microhabitats (UCTT, ISPC, OCTS and RSC)
and seeding depths (2 and 5 cm) in the fourth year after seeding. Letters indicate significant differences between microhabitats for a same
sowing depth based on Duncan's multiple range test (p< 0.01). Stars indicate significant differences between the two seeding depths in

each microhabitat based on independent t-test (*p< 0.05, **p< 0.01, ns: not significaBbjp
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