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Abstract Zawita natural forest has recently has been

subject to mass recreational activities during spring that

have denuded large areas of the forest. It was thus essential

to assess regeneration before designing optimizing strate-

gies. To this end, we studied the overstory canopy and

microhabitat conditions for recruitment of Pinus brutia Ten

in 10 plots (20 9 25 m) on the southern aspects where the

Zawita natural forest is still present. In total, 1540 regen-

erating P. brutia were recorded, 854 seedlings, 597 sap-

lings, and 89 trees. Seedlings and saplings were more

frequent beyond the canopy than under the canopy of the

parent trees. Regeneration requirements differed between

seedlings and saplings. The probability of the occurrence of

seedlings was negatively correlated with increasing litter

depth and increasing soil compaction. The density of sap-

lings only showed a positive significant correlation with

increasing slope. The nearest neighbor index showed a

trend toward a positive spatial association between under-

story shrubs with their neighboring seedlings at a mean

distance of 1.6 m. Overall, the study highlighted the

requirements for seedling regeneration as a relatively open

canopy cover, a light understory litter layer, and non-

compacted soils. These results are a step towards designing

effective management and restoration programs.

Keywords Forest structure � Litter depth � Regeneration
niche � Spatial pattern � Soil compaction

Introduction

Natural forest regeneration is a highly complex process that

can be affected by several factors. Recent studies suggest

that regeneration niches change over the life cycle of

individuals (Delerue et al. 2015; Leverkus et al. 2016;

Ghosh et al. 2016), and these changes are known as

ontogenetic niche development, i.e., niche requirements

become more restrictive with age from seedlings to sap-

lings (Quero et al. 2008). The forest understory provides

regeneration habitats composed of mineral soil, decaying

logs, rocks, and leaf litter that might be considered an

establishment niche depending on tree species (Titus and

Moral 1998). However, microenvironments suitable for

seed germination are not necessarily appropriate for seed-

ling establishment or sapling survival (Quero et al. 2008).

Bulky litter layers under a pine forest canopy can inhibit
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seedling emergence by preventing contact between the

seminal root and soil (Caccia and Ballaré 1998; Ibáñez and

Schupp 2002) or through mechanical restriction to hypo-

cotyl elongation and the emergence of cotyledons (Facelli

and Pickett 1991). Garcı́a et al. (2006) reported strong

correlations between the litter cover and the overstory

canopy. Marchi and Paletto (2010) reported that canopy

cover can facilitate early seedling survival in summer

through the positive effect of shade that reduces soil tem-

perature, but that accumulated litter on the ground might

lessen early-stage seedling survival. Caccia and Ballaré

(1998) concluded that in old-growth coniferous forests with

relatively thick litter layers and dense vegetation cover, the

removal of litter combined with gap creation significantly

promoted the initial establishment of Douglas fir beneath

the stands. Some conifers grow better under low shade

during their first year, whereas older seedlings and saplings

require full sunlight (Gaudio et al. 2011). Pinus brutia, a

light-demanding species, suffers from reduced regeneration

at light intensity levels below 65–70% (Özdemir 1977).

Besides thick litter and closed canopy cover, early growth

of planted conifers is negatively affected by soil com-

paction (Froehlich et al. 1986; Kozlowski 1999). Bulmer

and Simpson (2005) reported that survival of Pinus con-

torta seedlings after 2 years was reduced by 40% and

seedling shoot weight was reduced by approximately 50%

in response to increasing soil compaction. However, the

detrimental effects of compaction are not general and

mainly depend on the soil type (Gomez et al. 2002), as well

as the level of compaction (Kabzems and Haeussler 2005;

Sanchez et al. 2006). In northern Iraq, natural regeneration

should be considered a valuable process for moving

towards forest types that provide non-woody forest prod-

ucts and fulfil multipurpose forest functions such as

recreation, conservation, and preservation of habitats of

endangered species of plants and wildlife. P. brutia forms a

unique natural pine forest that stretches from Zawita to

Atrush town in the Kurdistan Region of northern Iraq. It

represents a relict boundary of the southern limits of the

species distribution in the eastern Mediterranean (Shahbaz

2007). For two decades, Zawita natural forest has been

subject to human exploitation, including shifting agricul-

ture, fires, and recently, mass recreational activities during

spring, denuding of large areas of the natural forest. Due to

the negative impacts of these anthropogenic factors on pine

forests and the lack of resources to fund large afforestation

campaigns, it is essential to assess the regeneration niche

requirements of P. brutia before designing effective man-

agement and restoration programs. Based on studies

demonstrating that regeneration niches change over the

course of the lifespan of a tree or a stand (Gómez-Aparicio

2008; Granda et al. 2012; Delerue et al. 2015), we

hypothesized that seedlings and saplings of P. brutia would

respond differently to the environmental factors affecting

its regeneration. We expected more seedlings to establish

themselves outside the closed overstory canopy in the plots

with shallow litter layers, light soil compaction, and with

decreasing slope gradients. We expected saplings to

establish themselves outside the overstory canopy, even

with increasing slope gradients and we predicted that

saplings would show greater tolerance of soil compaction

than seedlings.

Materials and methods

Study site

Our study site was located on the northern slopes of the

Zawita foothills, Duhok district, in northern Iraq

(36�5304800N-43�0804800E). The natural forest occupied

about 100 km2 on a limestone foothill, 16 km from Dohuk

city center. The climate is continental Mediterranean with

mild, wet winters and warm dry summers. Mean annual

rainfall is about 550 mm, the average minimum tempera-

ture is 9.0 �C, and the average maximum temperature is

22.3 �C. The monthly average relative humidity ranges

from 18.5 to 68%, with an average of 44% (Directorate of

Meteorology of Duhok 2014). The soil is acidic (mean

pH = 5.0) and low in nutrients compared to the natural oak

forest (Ali et al. 2016). Zawita is famous for its pine forest

with a ridge that is 70% covered by P. brutia. This natural

forest is of great ecological and economic interest. Sites

shaded by P. brutia in Zawita make it particularly attrac-

tive in the summer. The study site has a long history of

grazing and land use, particularly shifting cultivation and

more recently urbanization and mass recreation.

Species

In Iraq, P. brutia (Zawita pine in Iraqi) occurs as a relict

along the southern limits of the species distribution in the

eastern Mediterranean. It is a unique natural pine forest in

the Kurdistan region of Iraq on rocky limestone substrate at

elevations of 800–1200 m, on red marl valley deposits but

not on wet and compacted clay soils. The species is dis-

tributed naturally in Zawita and Atrush-Duhok districts

where is covers an area of 10,000 hectares. Several phys-

iological and morphological characteristics of P. brutia

make it well adapted to the Mediterranean type climate

(Thanos and Scordilis 1987). P. brutia is an obligate seeder

(non-resprouter), a light-demanding species that is tolerant

of drought, poor soils, and frost (Fernandes et al. 2008).

Zawita pine has been widely planted in the Kurdistan

region and even outside its natural distribution area all over
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Iraq for the purposes of re-establishing vegetation on bare

watersheds and roadsides, and establishing urban gardens.

Sampling and data analyses

Sampling methods

Our study of P. brutia regeneration was conducted between

mid September to the end of November 2015 on the

northern slopes of Zawiat where natural forest is still pre-

sent. Ten plots were sampled at approximately 200 m

intervals along a transect. Regeneration was assessed by

counting all pine stems in 10 rectangular plots measuring

20 9 25 m (0.5 ha). Each plot was divided into 20 quad-

rats (25 m2) using rubber tapes (Fig. 1). Pine stems were

classified in height and diameter classes as: (1) seedlings

(height B 50 cm); (2) saplings (height[ 50 cm and

diameter at breast height (DBH)\ 4 cm); (3) adult trees

(DBH C 4 cm). We also recorded shrubs[ 50 cm in

height whose crown diameter was greater than 30 cm. The

variables measured in each plot were classified as stand

structure data including: (1) tree DBH measured using a

tree caliper; (2) the projected area covered by the canopies

of parent trees and shrubs estimated from two measure-

ments of crown diameter (approximated to an ellipse)

regardless of whether the stems originated inside or outside

the plot, and the positions of the regenerating stems were

recorded as either under or outside the canopy; (3)

observed shrub-seedling spatial association was tested by

measuring the distance to the shrub’s nearest three seed-

lings using a measuring tape; (4) litter thickness was

measured by inserting a metal ruler down to the soil surface

at 5 points (4 in the corners and 1 in the center of the

quadrat); (5) soil compaction per quadrat (penetration

resistance—psi) was measured on 1 and 2 October 2015,

using Digital Soil Compaction Meter Specification Model:

REIGN-450 and (6) slope gradient was measured using a

Suunto PM5/360PC Clinometer at the center of each

quadrat.

Data analyses

Pinus brutia recruit data were analyzed to assess the cor-

relations between seedlings and saplings with litter depth,

slope, and soil compaction. We used linear regression in

Microsoft� Office Excel 2007 to quantify regeneration

patterns. A Chi square test (v2) based on Monte Carlo

simulation (2000 replicates) was used to compare observed

and expected numbers of pine seedlings and saplings under

the canopy in each plot. Expected frequencies were derived

by multiplying the percent canopy cover of trees and

shrubs by the total frequency of pine seedlings and sap-

lings. The null hypothesis was that the presence of seed-

lings and saplings beneath the tree and shrub canopies was

independent of the size of the canopy (Muhamed et al.

2015). A Chi square test (v2) was performed using R

software for statistical computing (version 2.10.1, 2010).

The spatial distribution of seedlings with respect to the

shrubs was quantified using the nearest neighbor index

(NNI) measure. This index is calculated from the relation

of the mean distances between each shrub and its three

nearest neighbor seedlings and the mean distances in a

completely spatially random (CSR) pattern. The CSR

pattern was generated on the assumption that seedlings

were equally likely to be regenerated anywhere in the plot

and unrelated to the spatial distribution of shrubs (Clark

and Evans 1954). This test was only performed for seed-

lings because we expected that during establishment, the

distribution of seedlings, more than saplings, would be

influenced by the presence of shrubs:

NNI ¼ Dobs

Dexp
; ð1Þ

where Dobs is the observed mean distance between each

shrub and its three nearest neighbors. Dexp is the expected

mean distance between shrubs given a random pattern.

Dobs ¼
Pn

i¼1 di

n
ð2Þ

Dexp ¼ 0:5=

ffiffiffiffi
n

A

r� �

ð3Þ

In the above equations, di is the distance between shrub i

and its nearest three seedlings. The nearest neighbor index

(NNI) produces a result between 0 and 2.15. If the

seedlings are randomly scattered with respect to the

shrubs, Dexp = Dobs, NNI = 1, if the seedlings are

skewed toward the shrubs, Dobs\Dexp, NNI = 0, but if

the seedlings are skewed away from the shrubs Dobs[
Dexp, NNI = 2.149.Fig. 1 Each of the 10 (500 m2) studied plots were divided into 20

quadrates (25 m2) using rubber tapes
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The Z ANN-score for the statistic is calculated as:

SE ¼ 0:26136
ffiffiffiffiffiffiffiffiffiffiffi
n2=A

p ð4Þ

ZANN ¼ Dobs� Dexp

SE
ð5Þ

The value of the ANN statistic is transformed into a stan-

dard normal deviate z that is amenable to a z-test. This test

measures the difference between an observed statistic and

its hypothesized population parameter in units of the

standard deviation (Eq. 4). Z statistics were used to assess

the difference between the pattern determined by the NNI

index and a random pattern (Eq. 5).

Results

A total of 1451 recruits were counted in the 10 plots,

including 854 and 597 pine seedlings and saplings,

respectively and 89 trees, in addition to 180 shrubs

(Table 1). Shrub families were Fagaceae (40 shrubs of

Quercus aegilops and 73 shrubs of Q. infectoria), Rosaceae

(29 Prunus microcarpa, 9 Crataegus azarolus L. and 2

Prunus argentia (Lam.) Rehder), Fabaceae (15 Anagyris

foetida), Rhamnaceae (4 Paliurus spina-christi), Cupres-

saceae (1 Juniperus oxycedrus) and Anacardacea (5

Pistacia khinjuk stocks).

Probability of regeneration

Seedling density ranged from 29 to 238 seedlings and

0–274 saplings in the 0.5 ha study plots (Table 1). Seed-

lings and saplings differed in their responses to the studied

factors. There was a strong negative correlation between

seedling abundance and litter depth (R2 = 0.67, p = 0.001,

Fig. 2). Most seedlings were growing in locations where

the litter was between 0.5 and 2.5 cm in depth. The number

of saplings was not related to litter depth (Fig. 3,

R2 = 0.056, p = 0.062). As litter depth increased from 2.5

to 4.5 cm or at depths\ 0.5 cm, the number of empty

quadrats increased. The number of regenerated seedlings

was negatively correlated with soil compaction (R2 = 0.38,

p = 0.001, Fig. 3), but the number of saplings was not

(R2 = 0.005, p = 0.620). Sapling regeneration was only

correlated with slope gradient (Fig. 5, R2 = 0.53,

p = 0.001). As the slope gradient increased from 10 to

35%, the number of saplings increased from 1 to 45. The

number of regenerated seedlings was not correlated with

slope gradient (Fig. 4, R2 = 0.002, p = 0.71).

Both seedlings and saplings regenerated in greater

numbers when not shaded by a tree or shrub canopy

(Table 2, Fig. 5). The number of pine seedlings was sig-

nificantly disassociated with the canopy cover in 7 out of

10 cases (70%), with positive and independent associations

in 20 and 10% of the cases, respectively (Table 2). The

same results were found for saplings (70%), (10%) and

(20%) for negative, positive, and independent associations,

respectively.

Nearest neighbor analysis

The mean distances of three nearest seedlings to shrubs

were used as a measure of the spatial association of seed-

lings and shrubs. Nine out of the ten plots showed signif-

icant positive spatial association between seedlings and

their neighboring shrubs (Table 3). The average shrub

canopy area was 1.04 m2 and the average scale of associ-

ation was 1.6 m; the spatial association mainly occurred at

the edges of the shrub canopies.

Table 1 Main characteristic of the 10 study plots

Plot No.

seedlings

No.

saplings

Total

regeneration

No.

trees

Mean

DBH

Tree canopy density

(m2)

No.

shrubs

Shrub canopy density

(m2)

1 238 18 256 6 24.00 266.02 2 1.83

2 105 61 166 4 62.00 340.89 7 1.64

3 29 274 303 7 42.00 219.90 19 17.58

4 106 121 227 6 34.00 320.07 12 13.67

5 147 60 207 9 31.00 347.15 46 80.24

6 59 32 91 9 49.00 230.06 50 47.34

7 29 2 31 17 34.00 421.63 18 11.36

8 29 0 29 14 39.00 480.38 9 3.45

9 44 14 58 10 36.00 440.25 5 2.31

10 68 15 83 7 48.00 231.35 12 9.09

Total 854 597 1451 89 399 3297.709 180 188.51
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Discussion

Canopy cover and litter effect

The greater probability was associated with finding sig-

nificantly fewer seedlings and saplings growing under the

overstory canopy compared to the number growing beyond

the canopy. This was due to the heliophilous nature of the

species, meaning it mainly germinates and establishes itself

in gaps and other well-illuminated places (Thanos and

Doussi 2000). The low density of saplings in the

quadrats under the tree canopy was probably due to the

lack of sunlight because saplings are not affected by litter

thickness. The low density of seedlings under canopy cover

was not due to light deficiency, but most likely resulted

from the physical and/or chemical influence of the litter.

This is in agreement with the results obtained for other

conifer species by Fady et al. (2004) and by Adili et al.

(2013), who reported that Pinus pinea L. does not require

abundant sunlight for seed germination and seedling

emergence, but that sapling survival and growth are mainly

determined by light availability. Ganatsas and Tsakaldimi

(2007) also reported that percent germination of P. pinea

seed was high and did not depend on light conditions, while

Gaudio et al. (2011) reported that P. sylvestris L. needed

more sunlight with increasing size of the trees. Although,

P. brutia is considered to be a light demanding species and

Fig. 2 The correlation of P.

bruita regeneration (seedlings

and saplings) with litter depth in

200 quadrates of 10 (500 m2)

plots

Fig. 3 The correlation of the P.

bruita regeneration (seedlings

and saplings) with the soil

compaction degree in 200

quadrates of 10 (500 m2) plots
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shows considerable drought tolerance (Thanos and Doussi

2000; Boydak 2004) the seedlings can also tolerate and to

some extent prefer shade, particularly in drier areas with

severely dry summers (Gómez-Aparicio et al. 2008;

Granda et al. 2012). With an average shrub canopy cover of

1.04 m2 and 1.6 m average shrub-seedling association,

most of the regeneration in the study area did not take place

directly beneath shrub canopies (Table 3 and see Chi

square tests in the Appendix). Seedlings that are concen-

trated at a certain distance beyond the shrub canopy can be

affected differently, e.g., due to improvement in the soil

caused by the root system or due to clonal growth of

seedlings in inter-shrub spaces (Garcı́a et al. 2000;

Muhamed et al. 2013). We documented a stronger negative

effect of litter on seedling density than on sapling density.

Fig. 4 The correlation of the P.

bruita regeneration (seedlings

and saplings) with the slope

gradient in 200 quadrates of 10

(500 m2) plots

Table 2 Summary of the

frequency distribution of P.

brutia seedlings and saplings in

relation to the overstory canopy

based on Chi square test in 10

(500 m2) plots

Plot Seedlings Saplings

X-squared P value Status X-squared P value Status

1 48.749 0.01 Shad demanding 7.643 0.05 Light demanding

2 10.031 0.02 Light demanding 10.75 0.01 Light demanding

3 21.042 0.01 Shad demanding 12.501 0.01 Shad demanding

4 27.884 0.01 Light demanding 81.777 0.01 Light demanding

5 55.104 0.01 Light demanding 35.304 0.01 Light demanding

6 10.4 0.01 Light demanding 10.652 0.01 Light demanding

7 18.379 0.01 Light demanding 0.38095 1.00 N.S

8 28.775 0.01 Light demanding – – –

9 9.125 0.01 Light demanding 113.27 0.01 Light demanding

10 5.6297 0.07 N.S 6.4703 0.05 Light demanding

See Appendix—Table S1–10 for more details

Fig. 5 The spatial repulsion pattern between parent trees and P.

bruita regeneration
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P. brutia is an epigeal germination species that does not

require a thick cover layer for germination. When the

thickness of the ground litter increased from 0.5 to 4.5 cm,

the number of seeds that germinated decreased because the

litter prevented the radicals from reaching the soil. When

the thickness of the litter exceeded 2.5 cm, the number of

empty quadrats began to increase (Fig. 3). These results are

consistent with previous reports that the accumulation of

litter reduced seedling emergence of small-seeded tree

species (Dzwonko and Gawronski 2002). According to

Caccia and Ballaré (1998), the main inhibitory effect of

litter on seedling establishment of Douglas fir (Pseudot-

suga menziesii (Mirb.) Franco) was seeds landing in the

upper litter layer, i.e. at distances of 2–4 cm above the

mineral soil. This increased the risk of mortality of the

germinated seeds. Kozlowski (2002) reported that Pinus

menziesii Douglas ex D.Don seeds germinated and seed-

lings survived at higher rates when the roots could imme-

diately penetrate the mineral soil and where seedlings were

exposed to direct sunlight. Wangchuk (2007) and Fernan-

dez et al. (2008) suggested that litter can mechanically

limit seedling emergence and that the accumulated thick

litter of pine species commonly induces autotoxicity, par-

ticularly during early successional stages. The physical

barrier represented by litter probably accounted for the low

rate of regeneration of P. brutia in our study plots. The

specific and relative roles of canopy and litter cover in pine

regeneration were hard to disentangle because litter accu-

mulation increases with increasing canopy cover and

declines with increasing gap area (light availability).

However, the significant correlation showed that litter was

the main factor affecting seedling emergence, whereas

light was the main factor affecting sapling growth, as also

reported by Zhu et al. (2003) and Adili et al. (2013) for

Pinus thunbergii Parl. and P. pinea, respectively.

Soil compaction and slope

The main sources of soil compaction at Zawita forest are

recreational activities in spring and summer combined with

the residual impact of trampling by grazing sheep a decade

ago. In the present study, seedling density decreased linearly

with increasing soil compaction. At soil compaction[ 500

psi, we began to observe fewer established seedlings, even

though compaction in Zawita forest is shallow since it is

caused by trampling by humans or livestock. Nevertheless,

the fact that seedling density was affected suggests that the

emergence of P. brutia seedlings is sensitive to soil com-

paction. This supports results reported for other conifer

species (Sands and Bowen 1978 for Pinus radiate Don.,

Corns 1988 for P. contorta and Picea glauca (Moench)

Voss). However,when the compactionwas shallow, saplings

with well-developed root systems showed more tolerance to

soil compaction, in agreement with observations by

Ampoorter et al. (2011) who reported that soil compaction

had no effect on the average growth and survival of saplings.

One can thus conclude that soil compaction is not always

detrimental for tree regeneration, but depends on the species

ontogeny (Miller et al. 1996) and on the degree of com-

paction (Ehlers et al. 1983). The increase in sapling density

with increasing slope gradient (5–35%)may be explained by

the distance of the saplings from any direct human distur-

bance as most anthropogenic activities are concentrated in

flat areas and on very gentle slopes thus limiting the oppor-

tunity for the seeds dispersed to these sites to develop into

saplings.

Conclusions

Our study showed that the factors affecting P. brutia

regeneration differed between seedling and saplings.

Overstory canopy and understory microhabitat conditions

Table 3 Summary of the Nearest Neighbor Index (NNI) of shrub-seedling spatial association in 10 regeneration plots

Plot No. of seedlings Mean of three nearest

seedlings to shrub

Nearest Neighbour

Distance Index (NNI)

Z statistic P value Spatial association

1 238 1.6 0.1890 - 2.301 0.010 Tendency toward positive spatial association

2 105 1.1 0.2522 - 3.795 0.001 Tendency toward positive spatial association

3 29 2.2 0.5222 - 2.425 0.007 Tendency toward positive spatial association

4 106 1.4 0.4332 - 3.774 0.008 Tendency toward positive spatial association

5 147 1.6 0.9372 - 0.769 0.220 N.S.

6 59 1.0 0.3996 - 5.027 0.002 Tendency toward positive spatial association

7 29 2.0 0.5361 - 2.662 0.003 Tendency toward positive spatial association

8 29 2.5 0.5371 - 2.177 0.014 Tendency toward positive spatial association

9 44 1.9 0.3367 - 2.538 0.005 Tendency toward positive spatial association

10 68 1.4 0.3427 - 3.563 0.001 Tendency toward positive spatial association
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played important roles in the regeneration of P. brutia.

Seedlings tended to be more abundant in habitats located at

a distance from parent trees, but in close proximity to

understory shrubs where litter cover was shallower, ade-

quate light was available, and soils were not compacted.

Open overstory canopy and steeper slope gradients proved

favorable for the growth of P. brutia saplings. Despite

these findings, we cannot recommend a reduction in the

canopy cover to enhance P. brutia regeneration because

our study did not enable us to clearly determine whether

the low density of seedlings under the canopy was due to

canopy shading or to the thickness of the litter layer. A

study of seedling survival including soil scarification with

different litter treatments directly beneath the tree canopy

and at a distance from the tree canopy is now necessary.

Based on our findings concerning the relationship between

soil compaction and regeneration, a study on the impact of

human recreation on the natural regeneration of P. brutia in

Zawiat forest is also recommended.
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