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Abstract: Afforestation and reforestation operations constitute an important part of the forest
management, being crucial for the sustainability of forests. In such operations, there are three
options to prepare the planting holes: manual, partly mechanized, and fully mechanized. Given the
high cost of mechanized planting and the ergonomic issues of manual planting, one option which
is worth exploring is using of augers, because they have the potential to mitigate and/or eliminate
intense physical effort and aspects of some of the ergonomic problems. This study examines the
early survival of seedlings following the use of augers to prepare the planting pits. Working time,
fuel consumption and physical quality of the pits were evaluated on nine sites for two drill types
differentiated by their diameter (150 vs. 200 mm). Time consumption was systematically higher when
using the larger drill, while fuel consumption was not found to be statistically different. The larger
drill systematically produced pits characterized by less physical quality in terms of resistance to
penetration and shear strength, but the early survival of seedlings was higher when using this drill
size. Survival probability modeled by means of logistic regression showed that pit size was among the
factors that may affect the early survival of seedlings. The study concludes that the larger drill would
be more appropriate to plant seedlings, but further studies should be arranged to see if long-term
survival would be affected in this case.

Keywords: planting operations; motor-manual; early survival; time and fuel consumption; physical
quality; resistance to penetration; comparison

1. Introduction

Planting new forests and restocking of harvested areas constitute an important part of the forest
management, contributing to the global sustainability of forests. Nevertheless, afforestation and
reforestation require the commitment of significant resources by forest management agencies and
private companies, resulting in substantial costs to support such operations. Seedling planting is one
of the most common approaches used to regenerate forests. At the same time, operational options
for seedling planting may be categorized as manual, partly mechanized, and fully mechanized [1].
In particular, mechanized planting is used to overcome the shortage and costs of manual labor [2],
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however, when employing the use of mechanized planting there is a need to ensure that the length of
the planting window is wide enough to ensure the cost-effectiveness of the machines used [3], which
are expensive [3,4]. Numerous factors, such as the high operational costs of mechanized planting,
the need to further develop the machines’ design to improve their cost-effectiveness [4], productivity
rates that are comparable to that of manual planting [4,5] (or even less [6]), differences in planting
quality [7], and some terrain-related limiting factors which confine the use of most planting machines
to flatlands [2], have resulted in the current limited use of mechanized planting [4,8,9]. In addition, the
comparability of the planting quality of mechanized and manual operations is still debated, with some
results indicating a better quality resulting from the latter option [2].

Manual planting, on the other hand, is physically demanding because the workers are required to
carry additional weight generated both by the tools used and the planting material. While commonly
used in many parts of the world, including Romania [1], manual planting may result in health
impairment. In particular, such workers may expose their spine and hips to a significant biomechanical
stress [10], which is sustained by the number of movements and force exertion required to plant a
tree [6], and may spend a significant part of their work time in extremely uncomfortable postures
coupled with high-effort muscle exertions [11]. However, the productivity of manual planting was
evaluated to be rather high, with production rates in the range of 138 [5]–560 [6] seedlings planted
per hour.

An intermediate option is that of motor-manually assisted planting operations, which have the
potential to overcome the effort required to prepare the holes while preserving the quality of planting.
To this end, augers may be used to prepare planting pits, as they are more consistent in producing
well-shaped clean holes in a wide range of soil conditions. Given the equipment used, which is based
on two-stroke internal combustion engines, auger planting may result, similar to other motor-manual
operations [12], in a significant exposure to noise and vibration [13].

Many studies have debated the effect of planting depth on the development and survival of
seedlings, concluding that deeper planting may result in increased survival [7,14]. Deep planting can
be carried out using both mechanized [15] and manual equipment. However, in manual planting the
physical effort required to prepare the planting holes will increase as the planting depth increases;
with this in mind, the use of augers could help to eliminate a major portion of such effort. The soil
preparation method is commonly referred as the work undertaken to loosen the soil prior to making the
planting holes [1]. It affects the planting success [16], but it could be limited in scope to flat, accessible
forest lands [1]. At the same time, root development of the planted seedlings, and in some case the
survival of planted trees, depends to a large extent on many local and planting technology-related
factors. Soil type [8] and its native [17] or altered [18] physical characteristics may restrict root
development, especially in naturally or artificially compacted soils. The penetration force that roots
may exert is in range of 0.5 to 1.5 MPa [17], while the bulk density that limits root penetration varies
with species, soil moisture content, and soil texture [19], being in the range of 1.1 kg L−1 in silty
clays to 2 kg L−1 in clay loams, with significant ceasing of root penetration at about 1.7 kg L−1 [17].
This translates in the reduction of root extension at 2.5 MPa (as measured by a penetrometer) in fine
textured soils as well as in the ability to penetrate the cervices of coarse textured soils up to 5 MPa [17].
Obviously, motor-manual pit-drilling by augers may alter such physical properties of the soils and
therefore may lead to a limitation of root development, which may result in the reduction of the
seedling survival rate. Nevertheless, the use of motor-manual augers may also result in an improved
hole-making option due to the reduced physical effort and possibility of use in steep terrains, under
such conditions in which the time and fuel inputs would be acceptable and the quality of planting
work, including the physical characteristics of the planting pits, would result in acceptable survival
rates. Planting augers may be equipped with various planting tools (hereafter drills) available on
the market. However, very large drills will burden the workers with additional weight, while very
small drills will produce insufficient planting space. Therefore, the common options used in auger
planting of small-sized seedlings may rest in the range of 150–300 mm. However, the effect of drill
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diameter on time and fuel consumption, physical quality of the pits, and early survival of the seedlings
in unknown. As the drills that are 150 and 200 mm in diameter are often used in planting operations,
the goal of this study was to evaluate the differences between the two in terms of quantitative inputs
(time and fuel) and qualitative outputs (physical quality of the pits and survival rate).

The main aim of this study was to evaluate to what extent auger pit-drilling affects the early
survival rate of seedlings by testing two drill sizes: 150 vs. 200 mm in diameter. The second aim was
to evaluate the differences in time and fuel inputs between the two drill sizes in order to see which one
is more effective in terms of allocated resources. According to the aims set by the study, comparative
studies were designed and implemented to test the differences between the drill sizes in terms of time
consumption, fuel inputs, and survival rate of planted seedlings. The probability of seedling survival
was estimated using a logistic modelling approach.

2. Materials and Methods

2.1. Study Location, Equipment Description, and Experimental Layout

Nine motor-manual pit-drilling field tests (hereafter FT1–FT9) were carried out in the spring
(March–April) of 2015, 2016, and 2017 on nine sites in five forest districts located in the western half
of Romania (Figure 1, Table 1). The choice of compartments to be experimented on was based on
the specific variability in topography and soil conditions that characterize the plain, hill, and part of
the mountainous forested area in Romania. In all of the field tests, small-sized bare-root seedlings
were used in planting operations. According to the relevant Romanian standards, such seedlings
are characterized by root sizes in range of 20–25 cm, ages of 2–4 years, and diameters at the collar of
5–10 mm [1].

Figure 1. Map of Romania showing the locations of field tests. Legend: FT1–FT9 stand for the field tests 1 to 9.

Two drill sizes were experimented on each site, using a 1.3 kW, 9.4 kg Stihl BT 121 (Figure 2) auger
(Stihl, Waiblingen, Germany). In the first treatment, a drill that was 150 mm in diameter (hereafter
D150) was used to make cylindrical pits with a depth of 300 mm, while in the second treatment a drill
that was 200 mm in diameter (hereafter D200) was used to drill at the same depth.
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On each site, an experienced worker was used to work with both drills. However, different
workers were used on different sites. Given the requirements to plant all of the designated area from
each site, it was not possible to establish in advance a balanced planting design in which an equal
number of pits were used between the two drill sizes. Instead, an exact number of 50 pits (Table 1)
were made using the D150 and the rest were made using the D200.

Table 1. Basic description of the field tests.

Field
Test

Date of Field Tests
Composition

Ground
Slope (◦)

Altitude
(m) Location

Number of
Observations

D150 D200

FT1

26 March 2015

8 104 N 46◦09′22.94′ ′

E 21◦15′46.06′ ′
50 116

70% Common oak
Quercus robur L.

30% Ash
Fraxinus excelsior L.

FT2

9 March 2015

10 107 N 46◦09′58.68′ ′

E 21◦15′45.71′ ′
50 87

60% Common oak
Quercus robur L.

20% Sweet cherry
Prunus avium L.

20% Ash
Fraxinus excelsior L.

FT3
30 March 2016

18 386 N 46◦02′17.72′ ′

E 21◦48′25.17′ ′
50 105100% Sessile oak

Quercus petraea (Matt.) Liebl.

FT4
25 March 2016

12 112 N 46◦09′47.23′ ′

E 21◦14′34.42′ ′
50 111100% Black walnut

Juglans nigra L.

FT5
22 April 2016

32 1280 N 45◦17′43.72′ ′

E 22◦49′54.53′ ′
50 113100% Norway spruce

Picea abies (P. excelsa (Lam.) Link.)

FT6

06.04.2017

28 420 N 45◦56′24.87′ ′

E 22◦23′26.12′ ′
50 75

60% Beech
Fagus sylvatica L.
40% Sessile oak

Quercus petraea (Matt.) Liebl.

FT7

28 April 2017

30 360 N 45◦56′35.00′ ′

E 22◦23′27.50′ ′
50 74

60% Beech
Fagus sylvatica L.
20% Sessile oak

Quercus petraea (Matt.) Liebl.
20% Sweet cherry
Prunus avium L.

FT8

30 March 2017

24 185 N 46◦00′29.26′ ′

E 21◦07′59.51′ ′
50 106

70% Common oak
Quercus robur L.

30% Sweet cherry
Prunus avium L.

FT9

24 April 2017

22 290 N 46◦55′36.54′ ′

E 21◦59′10.00′ ′
50 60

50% Turkey oak
Quercus cerris L.
50% Sessile oak

Quercus petraea (Matt.) Liebl.

Note: FT–FT9 stand for field tests 1 to 9.

Irrespective of the site and drill size, the planting scheme was of 2 × 1 m, being in line with the
Romanian regulations of planting schemes [1]. On sites characterized by flat terrain, a rope was used
to align the drilled pits (Figure 2), a setup that was not possible in steep terrain. The worker planned
in advance the location of each pit, irrespective of the slope condition. Tree species to be planted
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were selected according to the provisions of local forest management plans, which are the regulatory
documents describing operations to be implemented by quantitative and qualitative indicators [20]
that follow the general principia of such operations [1]. Excepting the Norway spruce, most of the tree
species used in the described planting operations are characterized by the development of a prominent
radicle, with some of them exhibiting such a behavior starting from their youth [21].

Figure 2. Example of pit drilling in one of the field tests (a), using either 150-mm drills (D150) or
200-mm drills (D200) (c), and an example of the resulted pit (b).

2.2. Data Collection

To evaluate the basic physical properties of the soils, six soil samples were taken from each site at
three depths (0–10, 10–20, and 20–30 cm) using the equipment, procedures, and techniques described
in Târziu [22]. The samples were used to evaluate the moisture content (SM, %), bulk density (BD,
g/cm3), total porosity (TP, %), and granulometric composition (G, %) of each soil type by the regular
standardized techniques [22,23]. For each site, soil type was documented from the management
plans and cross-validated by observation in the field. All the tests were carried out in the specialized
laboratory of agro-pedology of the Arad’s Department of Agriculture.

Time consumption data was collected using the continuous chronometry method [24] due
to the equipment that was available for time measuring and the characteristics of the observed
operations. Typically, this method can be used when the work elements are less complex and have long
durations [25]. Based on the concepts used in comparison studies [26], a digital stopwatch was used
to measure the time spent in two events that were considered relevant for the study design: moving
time (MT, s), which was the time spent by the worker to move from a drilled pit to the next one, and
the pit drilling time (DT, s), which was the time spent to effectively drill a pit. Both MT and DT were
assumed to be affected by the drill size. Time consumption data was recorded on paper sheets, then it
was transferred, processed, and analyzed into MS Excel (Microsoft Excel 2013, Redmond, WA, USA).

Compared to other studies that accounted for the variability of processed unit size (e.g., [27]),
this study assumed less variability in the fuel intake due to the relative homogeneity of drilled pits
and moving distances. Therefore, it was assumed that the mean values of fuel consumption would
carry enough information to characterize eventual differences between the two tested drill sizes. Fuel
consumption was measured as described in Acuna et al. [26] and it covered both the fuel used in
effective drilling and the fuel consumed during the idle running of engine.

Physical quality of the pits was described by features such as the resistance to penetration (RP,
daN × cm−2) and shear strength (SS, daN × cm−2). These parameters were measured at the bottom
(b) of the pits and at depths (h) of 5, 15, and 25 cm from the surface, on a direction perpendicular to
each pit’s walls. RP was measured using a HM-500 handheld instrument (Gilson Company Inc., Lewis
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Center, OH, USA), while the SS was measured using a handheld sampler marketed by IFA Group, Iaşi,
Romania (Figure 3). Measurements were done once on each pit.

Figure 3. Example of measurements of resistance to penetration (a) and shear strength (b).

Since the seedling survival after one year is critical [1,8,19], each site was revisited in the early
summer, one year after the plantation, to account for eventual losses. Survival data was collected using
dichotomic attributes: survived vs. not survived, and was applied to each planted seedling observed
in the first study stage.

2.3. Data Processing and Analysis

Normality tests (Shapiro-Wilk) were carried out to see whether the data used in statistical
descriptions, comparisons, and modeling were normally distributed. Following this procedure,
statistical tests appropriate to the data type and experimental design were used to compare and find
eventual significant differences between the two drill sizes in terms of time and fuel consumption,
physical quality of the drilled pits, and survival rate. Statistical modelling techniques by the means
of logistic regression were used to evaluate what factors were most likely to affect the survival
rate of the seedlings. Given the limited sample size characterizing the soil condition, statistical
description was carried out using the regular descriptive statistics such as the mean value and
standard deviation (moisture content, bulk density, total porosity) and the share of particle sizes
in the case of granulometric analysis. Time consumption data was statistically described using the
common procedures [26], while the statistical comparison methods used were those specific mostly to
unbalanced designs. Since most of the data showed evident departure from normality, median values
were used as statistic descriptors and Mann-Whitney tests were used to compare between the two
treatments. Fuel consumption data was proven to be normally distributed. Therefore, the mean values
were used as descriptors and regular two-tailed t tests were used for comparison. Physical quality
of the drilled pits, expressed as the RP (daN × cm−2) and SS (daN × cm−2) at each pit’s bottom (b)
and on its walls at 5, 15, and 25 cm from the soil’s surface, resulted in the statistical analysis of 16 data
strings. A normality check resulted in various situations, with data both normally and non-normally
distributed. However, in comparing pairs that differed in regard to which drill size was used, there
was no such case in which both data strings were normally distributed. Therefore, Mann-Whitney tests
were used to compare and median values were used to describe the data. Survival of the seedlings
was encoded as a dichotomous variable using “1” for those seedlings that survived and “0” for the rest.
Therefore, the data was statistically described using percentages for survival and mortality. Statistical
comparison between the two drill sizes was carried out using a Fisher exact test in those cases in which
the minimum number of expected events in one category (survived, not survived) was less or equal to
5 [28] and a χ2 test in the rest of cases. The last statistical procedure consisted of using the methods and
techniques of logistic regression to predict the survival probability as a function of drill size, soil type,
and physical characteristics of the pits. This statistical method was chosen due to its capability to work
with dichotomous outcome variables [29]. To this end, the individual outcome in terms of survival was
coded the same way as in the survival tests described above. Drill size was coded by 0 in case of D150

and by 1 in the case of D200. Soil type was coded with numbers from 0 to 9, and the physical features



Forests 2018, 9, 665 7 of 15

of the pits were kept as they came from the field tests. Both comparison and modelling procedures
assumed a confidence level of 95% (α = 0.05), as is commonly used in biostatistics [28] and other kind
of forestry-related research [26]; probabilities were set at p < 0.05 or p > 0.05 depending on the type of
data and statistical tests used. Data processing and statistical analysis was carried on using the MS
Excel software fitted with the Real Stats® plugin.

3. Results

3.1. Physical Condition of Soils in the Field Tests

Table 2 shows the basic physical characteristics of the soils. The share of granulometric fractions
are given in Figure 4 for each field test. Typically, the pits were drilled in unprepared soils, with
moisture contents decreasing as a function of depth and varying between 8.74% and 24.58%. In general,
bulk density and total porosity were in line with the soil type and subtype [23], showing a decrement
as a function of the soil depth.

Table 2. Basic physical characteristics of the soils in the field tests.

Field Test and Soil Type Physical Properties
Sampling Depth

0–10 cm 10–20 cm 20–30 cm

FT1
(Mollic Gleysol)

Moisture (%) 24.11 ± 1.20 22.73 ± 1.00 20.09 ± 0.80
Bulk density (g/cm3) 1.62 ± 0.23 1.69 ± 0.19 1.72 ± 0.06

Total porosity (%) 37.89 ± 2.51 37.43 ± 2.24 36.45 ± 1.15

FT2
(Vertic Fluvisol)

Moisture (%) 20.75 ± 0.90 19.46 ± 0.70 17.38 ± 0.50
Bulk density (g/cm3) 1.70 ± 0.02 1.75 ± 0.01 1.73 ± 0.00

Total porosity (%) 36.97 ± 1.32 35.73 ± 1.11 35.19 ± 0.92

FT3
(Haplic Luvisol)

Moisture (%) 22.43 ± 0.80 21.10 ± 0.50 8.74 ± 0.30
Bulk density (g/cm3) 1.69 ± 0.05 1.71 ± 0.03 1.73 ± 0.01

Total porosity (%) 37.43 ± 1.05 36.31 ± 0.96 36.09 ± 0.53

FT4
(Dystric Fluvisol)

Moisture (%) 23.35 ± 0.50 21.68 ± 0.30 19.54 ± 0.10
Bulk density (g/cm3) 1.64 ± 0.01 1.58 ± 0.01 1.51 ± 0.00

Total porosity (%) 35.54 ± 2.52 33.28 ± 2.01 31.25 ± 1.85

FT5
(Leptic-entic Podzol)

Moisture (%) 23.54 ± 0.80 21.37 ± 1.10 19.20 ± 0.70
Bulk density (g/cm3) 0.82 ± 0.12 1.16 ± 0.24 1.51 ± 0.11

Total porosity (%) 46.25 ± 1.31 42.43 ± 1.14 39.88 ± 1.05

FT6
(Endolepti-eutric

Cambisol)

Moisture (%) 24.58 ± 0.50 22.36 ± 0.40 20.81 ± 0.40
Bulk density (g/cm3) 1.20 ± 0.02 1.22 ± 0.01 1.23 ± 0.00

Total porosity (%) 61.35 ± 1.01 59.30 ± 0.86 56.60 ± 0.67

FT7
(Eutric Cambisol)

Moisture (%) 22.68 ± 0.4 20.52 ± 0.20 18,05 ± 0.20
Bulk density (g/cm3) 1.38 ± 0.03 1.35 ± 0.04 1.28 ± 0.03

Total porosity (%) 52.48 ± 0.30 50.16 ± 0.20 48.16 ± 0.20

FT8
(Vertic Chernozem)

Moisture (%) 22.68 ± 0.40 20.52 ± 0.20 18,05 ± 0.20
Bulk density (g/cm3) 1.38 ± 0.03 1.35 ± 0.04 1.28 ± 0.03

Total porosity (%) 52.48 ± 0.30 50,16 ± 0.20 48.16 ± 0.20

FT9
(Stagnic Luvisol)

Moisture (%) 18.84 ± 0.50 18.22 ± 0.30 17.74 ± 0.20
Bulk density (g/cm3) 1.14 ± 0.03 1.46 ± 0.02 1.54 ± 0.02

Total porosity (%) 58.43 ± 0.50 46.19 ± 0.40 44.41 ± 0.20

Note: FT1 to FT9 stand for the field tests 1 to 9.

Excepting the soil from the first site, which was at the limit of clay content to be classified as a
clay, the rest of soils were loams according to Osman [22], with various amounts of both coarse and
fine sand, resulting in medium coarse soil conditions. Sites of FT2 and FT4 were characterized by the
presence of logging slash at the soil surface.
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Figure 4. Granulometric distribution of forest soils in the analyzed field tests. Legend: FT1 to FT9
stand for the field tests 1 to 9.

3.2. Time and Fuel Consumption

The observed time accounted for almost 5 h, out of which MT accounted for approximately
1.3 h and DT accounted for the rest, approximately 3.7 h. There were substantial differences between
MTs due to the number of the drilled pits. About 0.4 h were spent as MT in the case of D150 and
approximately 0.9 h in the case of D200. DT, on the other hand, accounted for approximately 1.3 h for
D150 and for approximately 2.4 h for D200. Figure 5 gives the shares of DT and MT in the motor-manual
drilling cycle time (CT) in regard to sites and drill sizes used. As shown, irrespective of the site, DT
accounted for the greatest share (more than 60%) in the CT. As a rule, when using D150, the share of DT
in CT was always smaller compared to the use of D200, excepting those cases in which the soil showed
the presence of logging residues at the surface.

Figure 5. Shares of pit-drilling and moving time in the productive time in regard to field tests and
drill sizes. Legend: FT1 to FT9 stand for the field tests 1 to 9; D150 and D200 stand for the two tested
drill sizes.

Table 3 gives the main descriptive statistics of the time study. On average, DT was always greater
than MT, which in more than half of the cases amounted to less than 4 s. Comparison tests produced no
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evidence on significant differences between MT as an effect of the drill size (Table 3). This was true,
however, only when comparing between drill sizes in the same field test. Excluding FT2 and FT4, the
effective drilling time (DT) was systematically different between the two treatments studied in each
field test (Table 3), showing also that more time was spent in drilling when using the second drill type
(D200). Under the same circumstances, the ratio of D200 to D150 drilling time was in the range of 1.11
to 2.29.

Table 3. Descriptive statistics of effective drilling (DT) and moving (MT) time.

Field Test, Drill Size, and Time
Consumption Category

Descriptive Statistics

N Min (s) Max (s) Range (s) Median (s) Sum (s)

FT1
D150

DT 50 3.28 8.21 4.93 5.17 * 270.35
MT 50 1.19 4.52 3.33 2.32 129.73

D200
DT 116 7.01 19.50 12.49 11.84 * 1357.07
MT 116 1.19 4.92 3.73 2.57 338.79

FT2
D150

DT 50 7.82 66.30 58.48 20.32 * 1170.99
MT 50 3.34 5.98 2.64 4.91 236.13

D200
DT 87 8.19 26.80 18.61 11.08 * 1043.70
MT 87 2.63 7.11 4.48 4.92 420.59

FT3
D150

DT 50 4.58 8.09 3.51 5.91 * 303.86
MT 50 1.35 4.40 3.05 2.48 135.91

D200
DT 105 7.41 19.00 11.59 11.54 * 1265.82
MT 105 1.35 7.70 6.35 2.54 290.02

FT4
D150

DT 50 4.32 62.80 58.48 16.82 * 995.99
MT 50 3.02 7.70 4.68 4.35 219.73

D200
DT 111 6.04 16.78 10.74 8.99 * 1090.96
MT 111 2.76 7.70 4.94 4.44 506.93

FT5
D150

DT 50 3.61 9.59 5.98 4.64 * 253.68
MT 50 1.80 4.75 2.95 3.18 156.87

D200
DT 113 4.81 12.84 8.03 6.69 * 835.20
MT 113 1.52 4.78 3.26 3.54 381.93

FT6
D150

DT 50 6.02 8.95 2.93 6.77 * 352.48
MT 50 2.57 5.40 2.83 4.20 211.22

D200
DT 75 8.02 11.93 3.91 9.17 * 711.53
MT 75 1.74 5.98 4.24 4.33 328.3

FT7
D150

DT 50 5.21 7.89 2.68 6.67 * 333.18
MT 50 1.74 5.70 3.96 4.48 217.48

D200
DT 74 6.95 10.52 3.57 8.91 * 659.50
MT 74 1.74 5.98 4.24 4.61 331.66

FT8
D150

DT 50 3.71 11.15 7.43 6.52 * 340.61
MT 50 1.24 4.74 3.50 2.86 141.02

D200
DT 106 4.95 14.86 9.91 8.59 * 943.96
MT 106 2.00 4.74 2.74 2.81 306.78

FT9
D150

DT 50 6.17 13.34 7.17 9.51 * 481.37
MT 50 1.33 6.15 4.82 2.45 127.11

D200
DT 60 8.22 18.49 10.27 12.97 * 787.83
MT 60 1.33 7.71 6.38 2.26 160.10

Note: * Denotes significant differences between drill sizes in the effective drilling time (DT) according to the
two-tailed Mann-Whitney test; FT1 to FT9 stand for the field tests 1 to 9; D150 and D200 stand for the two tested drill
sizes; MT stands for the moving time, DT stands for the drilling time.

In total, the fuel consumption amounted 7.373 L, resulting in approximately 0.41 L per field
test. However, the number of pits drilled by D200 was greater (847) compared to D150 (450). In these
conditions, the mean fuel consumption was 6.8 ± 2.78 mL for D150 and 5.2 ± 1.23 mL for D200. Even if
not statistically different, compared to D150 (t = 2.20, p = 0.13, α = 0.05), the mean unit fuel consumption
was found to be smaller when using D200.
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3.3. Physical Quality of the Pits

Data characterizing RP and SS is given in Table 4. As shown, there was a general decreasing trend
of RP as the sampling depth increased, with almost systematic differences and greater RPs when using
D200. For data summarized at the study level, RP was found to be less at the bottom compared to
second (h15) and third (h25) sampling layers and the RP values at the bottom were not statistically
different between the drill sizes; they were different, however, on the pit’s wall, with greater RPs
attributed to D200. At the field test level, with only two exceptions, differences were specific to all of
the sampling depths, including the bottom of the pits; a similar finding indicates that, in general, D200

produced pits characterized by a greater resistance to penetration in the walls.

Table 4. Description and comparison of resistance to penetration (RP) and shearing strength (SS)
between field tests and drill sizes.

Field
Test

Treatment Number of
Observations

Resistance to Penetration (RP) Shear Strength (SS)
(daN × cm−2) (daN × cm−2)

h5 h15 h25 b h5 h15 h25 b

FT1
D150 50 1.30 1.50 * 1.75 * 2.00 * 1.68 * 2.25 * 2.40 * 2.00 *
D200 116 1.20 2.15 * 2.55 * 1.30 * 3.00 * 2.95 * 2.75 * 1.30 *

FT2
D150 50 2.05 2.25 2.53 2.60 2.05 * 2.48 * 2.53 * 2.00 *
D200 87 1.95 2.50 2.55 2.60 2.80 * 3.00 * 3.00 * 2.50 *

FT3
D150 50 0.90 * 1.10 * 1.30 * 0.90 * 1.10 * 1.50 * 1.85 * 1.40
D200 105 1.79 * 2.25 * 2.55 * 1.20 * 2.54 * 3.15 * 3.15 * 1.30

FT4
D150 50 1.85 * 2.15 * 2.33 * 2.40 * 2.20 * 2.60 * 2.70 * 2.15
D200 111 2.25 * 2.85 * 2.95 * 2.90 * 2.34 * 2.37 * 2.37 * 2.25

FT5
D150 50 0.83 * 1.41 * 1.71 * 0.79 * 1.29 * 1.35 * 1.14 * 0.79 *
D200 113 0.95 * 1.90 * 2.30 * 1.05 * 1.80 * 1.75 * 1.55 * 1.10 *

FT6
D150 50 1.13 * 1.50 * 1.50 * 1.61 * 1.67 * 1.74 * 1.76 * 1.43 *
D200 75 1.50 * 1.95 * 2.00 * 2.15 * 1.90 * 2.10 * 2.35 * 1.85 *

FT7
D150 50 1.60 * 2.20 * 2.30 * 2.25 2.05 2.15 2.15 2.00
D200 74 2.25 * 2.50 * 2.70 * 2.45 1.90 2.00 1.92 1.70

FT8
D150 50 1.90 * 2.65 3.10 1.50 * 2.90 3.55 3.45 * 1.65 *
D200 106 2.25 * 2.70 3.00 1.65 * 2.99 3.60 3.63 * 1.75 *

FT9
D150 50 4.15 * 4.28 * 4.40 * 4.15 * 3.53 3.70 3.70 3.67
D200 60 4.50 * 4.50 * 4.50 * 4.38 * 3.60 3.80 3.80 3.77

ALL
D150 450 1.55 * 1.95 * 2.10 * 1.90 2.00 * 2.32 * 2.35 * 1.70
D200 847 1.75 * 2.40 * 2.65 * 1.75 2.55 * 2.82 * 2.75 * 1.65

Note: * Denotes statistically significant differences in qualitative parameters found between the drill size used,
according to the Mann-Whitney test; FT1 to FT9 stand for the field tests 1 to 9, ALL stands for all of the collected
data; D150 and D200 stand for the two tested drill sizes; h5, h15, and h25 stand for the sampling depths of 5, 15, and
25 cm, respectively, b stands for the bottom.

The only case in which no differences were found in terms of RP was that of FT2, where the soil
was characterized by a vertic layer, which typically has characteristics that are mostly affected by its
temporary moisture content [30]. Another particular case was that of FT9, where RP was found to be
the highest starting from the very first centimeters of soil. SS was also significantly different for most
of the compared pairs, excepting the values collected in FT7 and FT9, and some values characteristic
to the upper part of the pits and their bottom. It was affected the same way that the resistance to
penetration was.

3.4. Survival Rate and Survival Probability

In Romania, the commonly accepted survival rate one year after planting is 85% [1], therefore,
the results of this study, excepting FT9, indicated a good survival rate, with values ranging from 84%
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(one case) to 94% for the seedlings planted in the 150-mm pits and with values ranging from 86.49% to
96.40% for seedlings planted in the 200-mm pits (Table 5).

Table 5. Description and comparison of survival rate between field tests and drill sizes.

Field
Test

Drill
Size

Number of Survived
Seedlings

Number of Died
Seedlings

Survival Rate
(%)

Comparison Tests and Diagnose

F χ2 Significant?

FT1
D150 44 6 88.00 p = 0.388 χ2 = 0.765,

p = 0.382 *
no

D200 107 9 92.24

FT2
D150 45 5 90.00 p = 0.497 χ2 = 0.849,

p = 0.357 *
no

D200 82 5 94.25

FT3
D150 45 5 90.00 p = 0.334 χ2 = 0.944,

p = 0.331 *
no

D200 99 6 94.29

FT4
D150 46 4 92.00 p = 0.256 χ2 = 1.411,

p = 0.235 *
no

D200 107 4 96.40

FT5
D150 47 3 94.00 p = 1.000 χ2 = 0.032,

p = 0.859 *
no

D200 107 6 94.69

FT6
D150 46 4 92.00 p = 1.000 χ2 = 0.080,

p = 0.778 *
no

D200 70 5 93.33

FT7
D150 42 8 84.00 p = 0.797 * χ2 = 0.149,

p = 0.700
no

D200 64 10 86.49

FT8
D150 45 5 90.00 p = 0.769 χ2 = 0.095,

p = 0.758 *
no

D200 97 9 91.51

FT9
D150 24 26 48.00 p = 0.125 * χ2 = 2.607,

p = 0.106
no

D200 38 22 63.33

ALL
D150 384 66 85.33 p < 0.001 * χ2 = 22.150,

p < 0.001
yes

D200 771 76 91.03

Note: * Stands for the results of the comparison tests that were used for interpretation depending on the sample
characteristics; FT1 to FT9 stand for the field tests 1 to 9, ALL stands for all of the collected data; D150 and D200 stand
for the two tested drill sizes.

At the field test level, no significant statistical differences in terms of survival rate were found
between the drill sizes used, even if the survival rate was systematically higher for those pits produced
by D200; at the study level, the differences were statistically significant, with an overall survival rate of
85.33% for D150 and of 91.03% for D200. FT9 accounted for the lowest survival rates (48% and 63.33%,
respectively), a fact that probably relates to the soil type (Table 2), which also affected the physical
characteristics of the pits.

Pit size, and therefore the drill size, as well as the physical quality of the pits, may affect the early
survival rate, as shown in Table 6. Following the logistic regression analysis, the soil type failed to
become a significant factor (p = 0.06) in predicting the probability of survival, while the SSs were far
from representing significant predictors. Among the remaining factors, it seems that the pit type (PT)
had the greatest effect, with a contribution of more than 10% to the survival probability in the case of
D200. Surprisingly, RP seemed to positively affect the survival outcome for depths between 10 and
20 cm, which generally correspond to the space where the roots grow laterally after planting.

Table 6. Results of survival rate probability modeled by logistic regression.

Parameter Coefficients (β) Standard Error Wald p-Value Exponential (β) Lower Upper

Intercept 3.497 0.530 43.49 <0.001 33.025 - -
PT 2.384 0.540 19.49 <0.001 10.851 3.765 31.279

RPh5 −2.833 0.371 58.45 <0.001 0.059 0.028 0.122
RPh15 1.108 0.461 5.78 =0.016 3.027 1.226 7.477
RPh25 −0.624 0.306 4.15 =0.042 0.536 0.294 0.977
RPb 0.850 0.170 24.86 <0.001 2.338 1.675 3.265

Note: PT stands for pit type; RPh5, RPh15, and RPh25 stand for resistance to penetration sampled at 5, 15, and 25 cm,
respectively; RPb stands for resistance to penetration sampled at the bottom.
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A similar outcome characterized the effect of RP at the bottom. The only expected negative
contributions of RP were found at 5 and 25 cm in depth. The model included in Table 6 returned
correct predictions of the survival probability in 92.4% of the cases, for a cut-off threshold set at 0.5.

4. Discussion

In what concerns the time consumption, and by excluding those field tests in which the
results were affected by some particular conditions that are not common to the Romanian practical
guidelines [31], this study showed that the CT varied between approximately 8–12 s for D150 and
between approximately 11–17 s for D200. These results do not account for the supportive time and for
different kinds of delays as described by Björheden et al. [24] and Acuna et al. [26], neither do they
account for the effective planting. Instead, they are showing that drilling by D150 took less time, a fact
that could be related to the drill size, since no significant differences were found in MT. Assuming a
full planting operation, the numbers presented above probably would have reached more than half a
minute per planted tree, a fact that still remains open to research. Studies on manual planting, on the
other hand, have shown results in the range of 6 [6] to 19–26 [5] seconds spent to plant a tree, while
for mechanized planting one could expect values in the range of 15–18 s per tree [4]. However, the
performance of both manual and mechanized planting operations depends largely on the operational
conditions, tools, and technology used. Fuel consumption was not found to be significantly different
between the studied drill sizes, but such an outcome could still be affected, to some extent, by the
operational behavior of the worker. Even if not statistically proven, the fuel consumption per pit was
0.8 mL higher in the case of D150, a fact that may count at bigger scales, thereby potentially advocating
for the use of D200.

Generalization in the use of D200 is not sustained by the physical quality of pits but, in contrast,
the early survival showed better results in this case. Even if different, the RPs and SSs of this study may
not be attributed solely to the drill size. In fact, soil type and its natural characteristics are determinants
of survival rate [3], while the tree species have different abilities to adapt their root growth to such
characteristics [17]. For instance, soils characterized by bulk densities of about 1.7 kg L−1 characterize
the point at which roots begin to cease penetration [17]. In this study, only two soils exhibited bulk
densities close or greater than 1.7 kg L−1 (FT2 and FT3). However, the survival rates of plants grown
in these soils were found to be among the best. The poorest results were those of FT9 (stagnic luvisol),
where the use of D150 returned 48% and the use of D200 returned 63% in terms of early survival rate.
In this case, the bulk density was evaluated to be close to that where the roots should have been able
to develop well [17], but RPs and SSs were found to be the highest. Knowing the fact that sessile
oak is less tolerant to difficult soil physical conditions compared to Turkey oak [21], it could be that
the smaller survival rate was at the expense of the former. Early survival probability, as modelled
by logistic regression, may be affected by two categories of factors that could be related to the drill
size: pit size and the physical quality of pits in terms of RP. To this end, the positive contribution of
RP measured at the pit’s bottom to the early survival of the seedlings could be seen as contrary to
the root development mechanics. In many cases, however, this parameter showed smaller values
compared to the pits’ walls, as an effect of the drill’s construction (Figure 2). In addition, one year
could be insufficient to capture the effect of RP at this location, since many plants exhibit the so-called
opportunism in timing and orientation [32]. Most probably, this was also the case of the RP measured
at h15. Only RP measured at h5 and h25 contributed negatively to the probability of early survival, a
fact which, most probably, is related to the architecture and development of the roots.

On the other hand, the survival rate may decrease in time due to various reasons. Some studies
have shown that the survival rate after one season may vary in the range of 62% to 93% [33–36], which
are figures comparable to that of this study. Having a survival of 89% in the first year, one could
expect an additional mortality of 10% in the second season, especially when the drainage of the soil is
poor [33]. Depending also on the seedling root treatment, in the third season the survival may decrease
by 2%–4% compared to the first year [34]. In Scandinavian forests, the survival rate after five years
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was evaluated at 57%–78% and it was affected by the soil preparation type, with the poorest results in
unprepared soils [37]. Therefore, it seems that one year after plantation may be too short of a period
to discriminate the survival gain that was specific to D200. To this end, further research should be
arranged to clarify how different drill sizes may affect the medium- and long-term survival.

5. Conclusions

We conclude that, in terms of early survival rate, the use of augers equipped with 200-mm drills
contributed significantly to the planting success compared to 150-mm drills. Even if the differences
between D200 and D150 were less than 1% in some cases, when thinking at bigger scales, such differences
will have significant consequences in terms of resource allocation. In difficult soil conditions, the
discrimination between the two drill sizes was evident in terms of survival, as D150 was outperformed
by D200 by approximately 30%. In such or similar conditions, sites operated by D150 will require
substantial investments to improve the survivability of planted seedlings. The fact that the physical
quality of pits drilled by D200 was poorer had no effects on the early survival. Even if not statistically
proven, the fuel consumption was higher when using D150 but the time consumption was less. Based
on these facts, and at least in terms of early seedling survival, the second option (D200) would fit better
in motor-manually assisted planting operations.
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