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»  With proper site selection and competent machine operators, it is possible to achieve a higher
productivity than 200 seedlings per operating hour in excavator-based mechanized planting.

»  The hectare-based regeneration costs from excavator-based mechanized planting can be 3%
lower than those of conventional manual planting chains.

» The most cost-efficient planting chain was a continuously advancing mounder combined
with manual planting.

The poor cost-effectiveness of mechanized planting (MECP) is the main reason for the low
mechanization rate of planting. In this study, we investigated the productivity of the mechanized
excavator-based planting of Norway spruce (Picea abies [L.] H. Karst.) seedlings based on data
collected by the Risutec Asta documentation system. We also compared the costs of a MECP
chain with two different manual planting (MAP) chains, where mounding was carried out by a
crawler excavator (EXC) or a continuously advancing mounder (CONT). The MECP of seedlings
was carried out using an EXC equipped with a Risutec PM-160 planting device. Generally, the
nine study sites in western Finland contained few surface obstacles (e.g., the logging residues had
mainly been harvested), which made the conditions very suitable for MECP. The average produc-
tion time taken by the MECP was 9 h ha~!. The operating hour (Gs-h) productivity averaged 215
seedlings Gis-h™!, with the mean planting time being 13.8 s seedling™!. Loading 160 seedlings
into the seedling cassette took approximately 10 min (3.8 s seedling™!). Overall, the cost of the
MECP was about 3% lower than for the EXC + MAP. However, when productivity was set at
<210 seedlings G1s-h™!, the cost of the MECP was higher than that of the EXC + MAP. Based on
our findings, the most cost-efficient planting chain was CONT + MAP. However, based on our
results, the required level of productivity can be achieved if the sites are suitable for MECP and
the machine operators are skilled.

Keywords cost-efficiency; forest regeneration; mechanization; planting machine; site prepara-
tion; site selection
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1 Introduction

The aim of forest regeneration is to establish new and well-growing seedling stands cost-effectively
and promptly after final felling. Successful forest regeneration provides a setting for sustainable
wood production. For this reason, it is important to choose forest regeneration methods suitable
for the site (Aijili et al. 2019; Luoranen et al. 2020). Today, Norway spruce (Picea abies [L.]
H. Karst.) and Scots pine (Pinus sylvestris L.) seedlings are the most-planted tree species in the
Nordic countries (Sikstrom et al. 2020; Peltola and Vaahtera 2023; Skogsstyrelsen 2023; Solvin
etal. 2023). In Finland, Norway spruce seedlings have been the most common plantings since the
early 2000s (Peltola and Vaahtera 2023).

In Finland and Sweden, mechanical soil preparation methods, such as disc trenching and
mounding, are commonly carried out before seedlings are planted (Sikstrom et al. 2020). The
increasing planting of Norway spruce has significantly increased the use of mounding, which has
been found to be a proper soil preparation method for spruce seedlings (Orlander and Nilsson 1999;
Luoranen 2007; Saksa and Kankaanhuhta 2007; Kankaanhuhta et al. 2009; Korhonen et al. 2010;
Saksa 2011; Laine et al. 2019). It has also become the main soil preparation method in Finland
(Peltola and Vaahtera 2023). In Norway, the use of mechanical soil preparation is not as common
as in Finland and Sweden because the operating conditions are more challenging due to the rocky
and steep terrain (Sikstrom et al. 2020).

In recent years in Finland, slightly more than 70000 ha (70%) of forest regeneration area
have been planted annually, mainly manually (Peltola and Vaahtera 2023). Correspondingly, in
2023, the amount of mechanized tree planting was only 282 ha (Luonnonvarakeskus 2024). The
peak year of mechanized planting (MECP) was 2017, when about 4% of the total planting area
was planted using planting machines (3100 ha) (Peltola and Vaahtera 2023). Since then, the area
of MECP has decreased noticeably. This is contradictory to the expected development of its use.
For example, Strandstrom and Pajuoja (2013) suggested that, in Finland, 35% of the total planting
area would be planted mechanically by the 2020s. Mechanized planting has not become widespread
elsewhere, either (Ersson et al. 2018; Ramantswana et al. 2020).

It was believed that the rising costs of forest regeneration and a shrinking workforce avail-
ability would rapidly increase the use of MECP (Strandstrom et al. 2009; Nilsson et al. 2010;
Hallongren et al. 2012; Strandstrém and Pajuoja 2013). However, this has not been the case for
several reasons. The first, and most important, reason is that MECP has not so far been sufficiently
cost-effective compared with conventional forest tree planting chains, where soil preparation and
manual planting (MAP) is done separately (Arnkil and Himéldinen 1995; Rummukainen et al.
2002; Strandstrom et al. 2011; Hallongren et al. 2014; Timonen et al. 2019). Currently, for the most
part, crawler excavator (EXC)-based planting machines are used in Finland and Sweden (Laine et
al. 2016; Ersson et al. 2018). The productivity of EXC-based planting machines should be more
than 190 seedlings per gross effective operating hour (G;s-h, including short [<15 min] delays)
to achieve the competitiveness of MAP chains (Strandstrom et al. 2011; Hallongren et al. 2014).
This level of productivity can be reached by employing skilled machine operators and selecting
appropriate sites (Laine 2017). At present, the average productivity of EXC-based planting machines
is approximately 130-300 seedlings per effective operating hour (Gy-h, excluding delays) under
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boreal forest conditions (Rummukainen et al. 2002; Saarinen 2006; Rantala et al. 2009; Rantala
and Laine 2010; Laine and Rantala 2013; Laine and Saarinen 2014).

In addition to productivity, the small annual planting area per machine, the small average
size of the worksites, and the low utilization of planting machines have been considered as bottle-
necks in MECP (Karhai et al. 2014; Laine et al. 2016; Ersson et al. 2018; Timonen et al. 2019). The
planting area of EXC-based planting machines needs to be larger than 100 ha per working season
to make it a profitable business (Laine 2017). This area of MECP corresponds to a work period
of 4-5 months with the MECP performed in two work shifts (Laine and Syri 2012). In order not
to increase the proportion of machine relocations too much, the average size of the planting site
needs to be larger than 1 ha (Strandstrom et al. 2009, 2011). Moreover, ideally, the base machine
would be employed elsewhere after the planting season (Laine and Syri 2012; Ersson et al. 2018).

From a quality point of view, MECP is at least as high quality as MAP. The high work
quality of EXC-based MECP has been proven in many previous studies, conducted over several
decades (Saarinen 2006; Luoranen et al. 2011; Laine and Rantala 2013; Laine and Saarinen 2014).
For example, Luoranen et al. (2011) observed that 88% of the seedlings were alive after 3 years of
MECP, which is a good result for forest regeneration success. The advantage of MECP compared
with MAP is that the seedlings are always planted deep enough into a fresh mound. Previous stud-
ies have shown that deep planting is beneficial for seedlings because it can reduce the risk of frost
and drought damage (Sahlén and Goulet 2002; Luoranen and Kiljunen 2006; Luoranen and Viiri
2016) and improve their growth (Viiri and Luoranen 2017).

The quality of MECP is affected by site conditions. In particular, soil stoniness, logging
residues, and stumps disturb the work of planting machines. The removal of slash and stumps,
together with the selection of a suitable worksite, significantly improves the quality and productivity
of MECP (Saarinen 2006; Rantala et al. 2009). In addition to the proper conditions, the skills of
the machine operator influence the quality of the work. Work quality can be ensured by effective
quality management, self-monitoring, and setting clear quality criteria for the work (Kalland 2002;
Harstela et al. 2006; Kankaanhuhta et al. 2010; Aijild et al. 2019). Self-monitoring of the work
quality provides reliable information on forest management quality (Haataja et al. 2018). Nowa-
days, there are also real-time documentation systems available that can automatically monitor the
planting density and the area of MECP (Risutec 2024a).

The mechanization of planting is still thought to be the next logical direction in the devel-
opment of resource-efficient forest management. However, high operating costs in relation to low
productivity are the main reasons why MECP has not become common. Contrastingly, the current
cost-competitiveness of MECP compared to conventional MAP chains has not been studied under
boreal forest conditions in the 2020s. The latest studies evaluating the productivity and costs of
MECP have mostly focused on tree plantations in the Southern Hemisphere (Guerra et al. 2019;
Bayne et al. 2024; Soler et al. 2024). Meanwhile, forest regeneration costs have increased in
Finland (Luonnonvarakeskus 2024). Therefore, it is essential to evaluate the current regeneration
costs of MECP and MAP chains.

The aim of this study was to investigate the long-term productivity and costs of the mecha-
nized EXC-based planting of tree seedlings. The productivity calculations were based on data
collected by the Risutec Asta documentation system, considering the production time consumed
at the planting worksites, the loading time of the seedling cassette, the planting time per seedling,
and the Gys-h productivity. We also compared the planting costs of a MECP chain to conventional
forest tree planting chains — that is, two different MAP chains — where mounding was carried out
by an EXC or by a continuously advancing mounder (CONT).
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2 Material and methods
2.1 Study sites

Spatial data, collected by the Risutec Asta documentation system, were used to define the time
consumption and productivity of EXC-based planting machines. The data comprised nine Norway
spruce planting sites of UPM-Kymmene Plc in western Finland (Fig. 1).

The MECP was performed by a machine entrepreneur with three employees during the plant-
ing seasons of 2019 and 2020. Two of the machine operators, including the entrepreneur himself,
had about 10 years of work experience in MECP. The other two machine operators had worked with
planting machines for two planting seasons. A total of 71 903 seedlings (40.6 ha) were planted at
the study sites (Table 1). The area of the planting sites varied from 1.6 to 7.9 ha (average 4.5 ha).

® Study site

0 73 150 300 Kilometers
| I N N N N NN R A | © National Land Survey of Finland 2024

Fig. 1. The nine planting sites of the study located in western Finland, five of
them too close to be distinguished on the map. The coordinates of the study
area are 60°41°52”N—61°59’38”N and 21°36°24”E-23°48"49”E. The map was
created using ArcGIS Pro (version 3.1.0) software.
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Table 1. Information on the planting sites of the study (1-9). The topsoil stoniness class (soil stoniness) of the site was
visually determined as being either stoneless, normal, or stony.

Site Area Soil Site Soil Slash harvested ~ Stumps harvested Seedlings planted Planting density
(ha) class!  class? stoniness (yes/no) (yes/no) (pcs) (pcs ha!)

1 3.7 P VT Stoneless No No 6736 1821
2 1.6 M MT Stony No No 2626 1641

3 5.6 M MT Normal Yes No 10444 1865
4 7.9 M MT Normal Yes No 14495 1835
5 35 M MT Normal Yes No 5743 1641
6 4.6 M MT Normal Yes No 7882 1713
7 7.2 M MT Normal Yes No 12269 1704
8 3.0 M OMT Normal Yes Yes 5406 1802

9 3.5 M MT Normal Yes No 6302 1801
Total 40.6 71903

Average 4.5 1771

I'Soil class: P = peatland, M = mineral soil.
2 Site class according to Cajander (1926): VT = Vaccinium vitis-idaea type (sub-xeric heath forests), MT = Vaccinium myrtillus type
(mesic heath forests), OMT = Oxalis—Myrtillus type (herb-rich heath forests).

The average number of seedlings planted per hectare was 1771. Based on Cajander’s (1926) forest
type classification, the site class was mainly mesic heat forest (Myrtillus type). The class of topsoil
stoniness of the site was determined by visual estimation as stoneless, normal stoniness (normal),
or stony. The stoniness class was mostly normal, although one site was stony. One planting site
was a stoneless peatland, but otherwise the sites were mineral soils. Logging residues had been
harvested from seven of the planting sites, and stumps together with logging residues had been
harvested from one of those sites. Neither logging residues nor stumps had been harvested from
the other two planting sites.

2.2 Machinery and software

The planting work was carried out using a Hyundai 140 LCM-9A crawler excavator (engine power:
87 kW, working weight: 17 t) equipped with a Risutec PM-160 planting device. The Risutec PM-160
is designed for medium-sized (over 13 t) excavators and is suitable for boreal forest conditions
(Risutec 2024b). The seedling cassette of the PM-160 can be loaded with 160 seedlings at a time
(Risutec 2024b). The planting device plants the seedling after making a spot mound, so the seed-
lings are always planted in a freshly prepared mound. After planting, double-sided compaction is
performed around the seedling (Risutec 2024b).

Risutec has also developed the Global Positioning System (GPS)-based Asta documentation
system for reporting the performance of forestry operations (Risutec 2024a). The system can be
used to monitor MECP, soil preparation, and the tending of seedling stands (Risutec 2024a). The
site-specific data includes the location information and timestamps for each mechanically planted
seedling, the area of the worksite, the total number of seedlings planted, and the planting density
(Risutec 2024a).

The location of, and time data for, the planting points were stored when the machine opera-
tor pressed the Asta system button on the excavator’s joystick (Risutec 2024a). The accuracy of
the location data was about 1 m, but this may have varied depending on the operating conditions
(Risutec 2024a). The GPS device was positioned on top of the excavator’s boom, so that the loca-
tion of the planted seedling was as accurate as possible. The collected Asta data was in GPX file
format, which is commonly used to store GPS data.
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2.3 Data processing

The GPX data was converted to XML format to facilitate its utilization in Microsoft Excel spread-
sheet software. The timestamps of the planted seedlings were presented in chronological order in
the data, including the start and end times of planting. The time information was presented in the
format “HH:MM:SS” and included the date of the planting work (YYYY-MM-DD).

The dataset included planting times of between 0 and 1 s. This indicated that either a mal-
function had occurred in the planting device itself, or the machine operator had input incorrect
keystrokes, either accidentally or for another reason. In the data, planting times of less than 4 s
often occurred before the seedling cassette was reloaded. This can be attributed to the machine
operator ensuring that the seedling cassette was completely empty prior to reloading it. However,
so that incorrect observations did not affect the study results, all planting times of less than 4 s were
excluded from the final dataset. Following the correction of the data, the percentage reduction in
the number of planted seedlings was 1.1%.

For the seedlings planted after delays of more than 15 min, the planting time was set at 9 s.
This was done because it was not possible to distinguish, from the delay, what the share of time
between the break and the planting work had been. Furthermore, the planting time of the first
seedling planted at the worksite was also defined as 9 s because there was no previous timestamp
for the first seedling to allow an exact calculation of the planting time.

2.4 Productivity calculations

After editing the data, it was possible to calculate the production time consumed at the worksites
(hours), the planting time per seedling (seconds seedling™!), the loading time of the seedling cas-
sette (seconds), and the operating hour productivity (seedlings Gys-h™!) based on the timestamps
of the planted seedlings.

The production time was determined by calculating the time difference between the first
and last timestamps at the planting site. The production time was assumed to end when the delay
exceeded 1 h, thus excluding off-site operations, such as relocation transportation of the planting
machine or maintenance. Except for one site, each exhibited at least one delay of over 1 h. In gen-
eral, four operators ran the planting machine almost continuously for 24 h day~!. The working day
mainly consisted of three or four shifts with durations of 4-8 h (e.g., Operator 1, 8 h, Operator 2,
4 h, Operator 3, 4 h, Operator 4, 8 h).

The loading time consumption of the seedling cassette was investigated by searching for
frequent delays occurring after 160 seedlings had been planted. It was not always possible to discern
a clear delay after 160 planted seedlings, probably because the device was reloaded before it was
completely empty. Such illogical delays were excluded from the analysis if they occurred after more
than 165 planted seedlings or before 155 planted seedlings. Some of the reloading breaks occurred
during the shift changes, and these delays were also excluded from the loading time calculation.
The total proportion of unclear loading times that were omitted from the final dataset was 18%,
with a total of 371 loadings included in the calculation.

The planting time per seedling was calculated by subtracting the timestamp of the previously
planted seedling from the timestamp of the planted seedling. The mean planting time per seedling and
the frequency of each planting time were calculated for each planting site. All delays of over 15 min
plus the seedling cassette loading times were excluded from the calculation of the planting time.

The G;s5-h productivity included all delays of less than 15 min (i.e., mostly all seedling cas-
sette loading times and other short delays). The calculations were based solely on the full operating
hours — that is, the short hours at the end of the planting sites were not included in the calculations.
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2.5 Cost analysis

The basic setting of the cost analysis followed previous studies by Strandstrom et al. (2011) and
Hallongren et al. (2014), where the costs of MAP and MECP chains were examined. In addition,
the values of several key parameters were consistent across the studies. The purchase prices of
the machinery and equipment, as well as the wage costs and employee expenses, were updated to
correspond to the levels of 2024.

The cost analyses were conducted using an Excel-based calculator constructed for the pur-
pose of this study. Two scenarios were created for the MAP chain, with soil preparation carried out
using either an EXC or a CONT. The MECP chain consisted of an EXC equipped with a Risutec
PM-160 planting device. The size of the EXC was 17 t for both the MECP and soil preparation.
The base machine for the CONT was a forwarder (engine power: 150 kW, working weight: 18 t).

The soil preparation season was expected to start at the beginning of May and last until the
end of October (6 months). The planting season was expected to last 5 months, from May to the
end of September. The monthly number of working days was set at 21. During the work year, there
were expected to be 30 days of work stoppages — 15 days in the forest management season and
15 days outside the forest management season. It was assumed that the machine operators would
work 1.5 shifts, with each shift lasting 8 h. However, MAP was done in one shift. Outside of the
forest management season, the base machines were expected to be used in one shift.

The utilization rate is the ratio between the operating time (Gys, including short [<15 min]
delays) and the working time, which is Gis plus all work delays longer than 15 min, such as
time spent on repair, maintenance, and relocating the machine, together with other work delays
(Harstela 1991; Kuitto et al. 1994; Vikeva et al. 2001; Jylhd et al. 2019). Thus, the utilization rate
illustrates the mechanical availability of the machine and the operational efficiency of the organi-
zation (Harstela 1991). Utilization rates of 80%—-90% are commonly used in the cost calculations
for forest machines in Finland (Strandstrom et al. 2011; Hallongren et al. 2014; Ahtikoski et al.
2024). In our cost analysis, the utilization rate for the machines used in soil preparation was set at
85%. In MECP, the utilization rate was set to a slightly lower level of 80% due to the considerable
time needed for seedling maintenance (e.g., watering the seedlings) during the planting season.
Furthermore, handling and transporting the seedlings from storage to the planting site also takes
up working time. A more detailed description of the annual worktime, operating work hours, and
utilization rates can be found in Table 2.

The planting density for all the planting chains was set at 1800 Norway spruce seedlings ha™!
based on Finnish forest management recommendations (Aijili et al. 2019). The productivity of the
MECP was based on the results obtained from this study (215 seedlings Gs-h™!, 0.119 ha G;s-h™1),
with the productivity of the CONT set at 0.900 ha Gs-h"! (Saarinen 2006) and the productivity
of the EXC-based mounding defined as 0.167 ha Gs-h™! (Saksa et al. 2002; Saarinen 2006). The
productivity of the MAP was derived from the collective labor agreement of Finland (Metsédalan
tyoehtosopimus 2024). The time consumption for MAP varied based on the site conditions and the
quality of the soil preparation. It was assumed that the quality of the soil preparation was at least
sufficient, and that the site conditions were conducive to planting. The MAP work shift required
1 h for tasks such as fetching and maintaining the seedlings. This equated to an effective planting
time of 7 h shift"!. The productivity of the MAP was set at 189 seedlings per effective hour, which
equated to an average of 1320 seedlings planted in a single shift when delays were considered
(165 seedlings h™!, 0.092 hah™).

Table 3 shows the key fixed and variable costs and other parameters of the cost analysis. The
purchase prices of the base machines and devices were obtained from the machine dealers. All costs
associated with the utilization of the devices (i.e., mounding bucket, CONT, and planting device)
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Table 2. Productivity levels of mounding and MECP (ha Gs-h™!, including short [<15 min] delays)
and the machine utilization rates used in the cost analysis of the study. The life spans of the base
machines and devices are also given, as well as the total annual work time, operating working

hours, and silvicultural use.

Variable Base machine
Excavator (17 t) Forwarder (18 t) Excavator (17 t)
Device
Mounding bucket Mounder Planting device
Bracke M24.a Risutec PM-160
Productivity (ha Gs-h1) 0.1672 0.900° 0.119¢
Machine utilization rate (%) 85d 85d 80
Life span (h)
Base machine 120004 120004 120004
Device 75004 75004 75004
Worktime (h yr1)
Total 2220 2220 2136
Silvicultural 1332 1332 1080
Operating hours (Gys-hyr ')
Total 1887 1887 1709
Silvicultural 1132 1132 864
Silvicultural use (ha yr1) 189 1019 103

2 Saksa et al. (2002).
b Saarinen (2006).

¢ The productivity of the MECP was based on the results of this study.
d Same value as used in the studies by Strandstrom et al. (2011) and Hallongren et al. (2014).

Table 3. Fixed and variable costs and other main parameters of the cost analysis of the study.

Variable Base machine
Excavator (17 t) Forwarder (18 t) Excavator (17 t)
Device
Mounding bucket Mounder Planting device
Bracke M24.a Risutec PM-160
Purchase price (€)
Base machine 179000 350000 179000
Device 5000 130000 60000
Annual depreciation (%)
Base machine 15 15 15
Device 40 40 40
Interest rate (%) 5 5 5
Storage costs (€ yr1) 1058 1410 1058
Insurance costs (€ yr1) 900 1800 900
Administration costs (€ yr!) 8000 8000 8000
Maintenance supplies (€ yr!) 747 747 1121
Maintenance costs (€ yr') 5520 14400 7170
Labor costs
Hourly wages (€ h™1) 16.18 16.18 16.18
Indirect wage cost (%) 55 55 55
Kilometer allowance (€ km™) 0.57 0.57 0.67
Fuel and lubrication costs
Fuel consumption (1 h™1) 9 17 9
Fuel price (€ I'1) 1.25 1.25 1.25
Lubricant consumption (1 h™1) 0.2 0.2 0.2
Lubrication price (€ I"1) 3.6 3.6 3.6
Relocation costs (€ km™!) 2.358 2.358 2.358

a Ahtikoski et al. (2024).
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were allocated to the operating hours of the forest management season. The assumption was that
the machines would require a space in which to be maintained and stored. The annual storage cost
of the base machines and devices was derived from the Decree of the Ministry of Agriculture and
Forestry on “The Acceptable Unit Costs of Agricultural Investments” (Maa- ja metsdtalousminis-
teridn asetus. .. 608/2023). The storage cost of a forwarder and a CONT was slightly higher because
the space requirement was greater (Table 3). The annual maintenance and repair costs were 3% of
the purchase price of the base machines and devices (Palva 2023) (Table 3). The calculation also
considered the cost of tools, fuel tanks, and other accessories purchased to accommodate the site
conditions (maintenance supplies) (Table 3). The costs for maintenance supplies in MECP were
higher than those for the other planting chains because, in MECP, these costs also included the
purchase of a trailer for transporting the seedlings to the site.

The fuel consumption was based on the assessment of the entrepreneurs and machine deal-
ers (Table 3). The price of the fuel was derived from the statistical data provided by Statistics
Finland (Tilastokeskus 2024a) (Table 3). No official statistics were available for the lubricant
prices, which were instead determined based on current prices from a few different suppliers (Palva
2023; Tilastokeskus 2024b) (Table 3). The lubricant consumption was set at the same level as that
used in the calculations of the forestry machinery cost index by Statistics Finland (Tilastokeskus
2024Db) (Table 3).

The labor costs consisted of the wage costs, indirect expenses, and compensation for
expenses. The hourly wage of the employees was based on either the collective labor agreement in
machine work in forestry or the collective labor agreement in forestry (Metsdalan tyoehtosopimus
2024; Metsikonealan tyoehtosopimus 2024). The hourly wage with expenses was €23.27 h™! for
MAP (indirect cost wage rate 70%) (Table 3). For the soil preparation and MECP, the wage was
€25.08 h! (indirect cost wage rate 55%). The machine operator’s per-kilometer allowance was set
at€0.57 km™! (Metsékonealan tyoehtosopimus 2024). For the planting work (MAP and MECP), the
kilometer allowance was higher (€0.67 km™!) on the assumption that the workers would transport
the seedlings by trailer to the site (Metsdalan tyoehtosopimus 2024). The journey to and from the
worksites was 50 km per shift for all workers. The average size of the soil preparation and plant-
ing sites was 2 ha. The average distance between the sites for machine relocation was 20 km, with
relocation costs of €2.35 km™! across all chains (Ahtikoski et al. 2024). Finally, the calculated
operating hour costs for the EXC during mounding were €71.80 Gs-h™!, €85.30 Gs-h™! for the
EXC during tree planting, and €135.60 Gs-h™! for the CONT.

3 Results
3.1 Time consumption and productivity

The total production time for the study was 357 h. The site area-weighted (geometric) average of
production time was 8 h 47 min ha™!, with the longest production time being about 11 h ha™! (Site 9)
and the shortest around 8 h ha™! (Site 5). The production time of less than 9 h ha™! was achieved
at six study sites (Sites 2 and 4-8). Delays of more than 15 min, but less than 1 h, accounted for
6% of the total production time (i.e., the total G5 was approximately 335 h).

The average time consumed when loading the seedling cassette was a little over 10 min
(Table 4). This signified that the average time consumed in loading a single seedling was 3.8 s. The
longest loading time averaged 12 min 38 s (Site 6), whereas the shortest average time to refill the
seedling cassette was 8 min 30 s (Site 3). The time spent loading the seedling cassette comprised
21% of the total production time when the average loading time was considered (10 min 8 s).
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Table 4. Average loading time consumption of the seedling cassette by site (1-9) and average of all loading times in the
study. The seedling cassette of the Risutec PM-160 was loaded with 160 seedlings at a time.

Site number Average
1 2 3 4 5 6 7 8 9

Loading time (min.s) 11.34 9.29 8.30 8.39 10.17 1238 10.15 10.54  10.57 10.08

About 60% of the loading times were less than 10 min (Fig. 2). The most common loading
time class was 8.00—8.99 min (18%), but the data also contained loading times over 15 min (10%).
Loading times of less than 5 min were rare, with only 0.8% included in this category.

The most frequently recorded planting time was 9 s seedling™! (17%) (Fig. 3). Approxi-
mately 93% of the planting time observations were less than 25 s. Planting times of more than
60 s seedling™! constituted 1.1% of the total observations (Fig. 3). The mean planting time per
seedling was 13.8 s, with no delays exceeding 15 min or loadings of the seedling cassettes. Includ-
ing the mean loading time of the seedling cassette (3.8 s seedling™!), the planting time average
was 17.6 s seedling™!.

The highest productivity (235 seedlings G;s-h™!) was observed at Site 4, and the lowest
(170 seedlings Gis-h™!) at Site 9 (Fig. 4). The average productivity of all operating hours was
215 seedlings Gys-h™!. The standard deviation of Gis-h productivity ranged from 20 to 38 seed-
lings Gis-h™! across the sites (Fig. 4). In the nighttime, between 10 p.m. and 6 a.m., productivity
was, on average, 4% lower than in daytime, although, at four of the study sites (Sites 1, 3, 5, and 8),
the nighttime productivity was 2%—8% higher than in the daytime.
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Fig. 2. Distribution of the seedling cassette loading times, with 371 loading time observations included in the final data
of this study.
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3.2 Costs
3.2.1 Cost-competitiveness

The MECP chain was 3% cheaper than the conventional planting chain (EXC + MAP), meaning
that EXC-based mounding followed by MAP was the most expensive planting chain (Fig. 5).
The most cost-effective planting chain was the CONT combined with MAP (CONT + MAP),
although the costs per Gis-h were the highest in this chain. The unit cost per planted seedling was
€0.41 seedling™! (EXC + MAP), €0.25 seedling ! (CONT + MAP), and €0.40 seedling ! (MECP).
The MAP cost accounted for 41% (EXC + MAP) and 67% (CONT + MAP) of the total cost per
hectare in the MAP chains.

3.2.2 Sensitivity analysis

The minimum required productivity for MECP was 209 seedlings Gis-h™! (0.116 ha Gi5-h™!) to
make it a competitive option for planting work (Table 5). A productivity level below this threshold
would result in a higher hectare-based cost than in other planting chains. To illustrate this, the
hectare-based cost for MECP was 16% higher than for EXC + MAP when the productivity was set
below 180 seedlings Gs-h™!. To compete with CONT + MAP, the productivity of MECP needed
to increase from 215 to 345 seedlings Gys-h™! (0.192 ha Gs-h™").

The hectare-based costs for MECP increased by 19% when the base machine was not utilized
outside the planting season. In this case, profitability could be enhanced by extending the work-
ing hours during the planting season. For example, increasing the amount of work to 20 h day™!

120 -

100 -

80 -

60 -

40 -

Relative planting costs (%)

20 A

EXC + MAP CONT + MAP MECP

Planting chain

Fig. 5. Relative hectare-based costs of each planting chain (EXC + MAP = excavator-based mounding and manual
planting; CONT + MAP = continuously advancing mounding and manual planting; MECP = excavator-based mecha-
nized planting). The operating costs of EXC + MAP are given as 100%, with the costs of the other planting chains being
proportional to EXC + MAP.
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Table 5. Effect of the purchase price of the MECP base machine on the relative hectare-based costs
(100 = EXC + MAP) when the price changed by £15%, +25%, and £35% in the sensitivity analysis
of the study. For each price category of the base machine, the minimum productivity required for
MECP to be a competitive option for planting is given.

Price change Purchase price Relative cost Requested productivity

(%) © (ha Gy5-h'™1) (seedlings Gys-h™1)
=35 116350 91 0.108 194
=25 134250 93 0.110 198
-15 152150 94 0.113 203

0 179000 97 0.116 209

15 205850 100 0.119 215

25 223750 102 0.122 220

35 241650 104 0.124 223

(2.5 shifts day!) during the planting season made MECP a competitive option, even if the base
machine was not utilized outside of the season. With a utilization rate of 85%, MECP was approxi-
mately 7% cheaper per hectare than EXC + MAP. However, decreasing the utilization rate from
80% to 75% made MECP the most expensive planting chain.

When the average size of the planting site decreased from 2.0 to 1.1 ha in MECP, the
hectare-based cost was the same as for EXC + MAP. Proportionally, the hectare-based cost of
CONT + MAP increased the most when the mean site size of all planting chains was set to 1.1 ha.
Nevertheless, CONT + MAP was still the cheapest planting chain when the planting area was
set at 0.2 ha. Increasing the planting area to 5 ha reduces the cost of MECP, but not significantly.

On average, the productivity of MAP needed to be about 185 seedlings planted per hour
(0.103 ha h™!, 1480 seedlings shift'!) to make EXC + MAP more cost-efficient than MECP.
The productivity of mounding with an EXC would need to increase to 0.178 ha Gys-h™! (320
mounds Gis-h™1) to beat MECP. The mean productivity of the CONT would need to be less than
0.300 ha G5-h™! to make the hectare-based costs the same as for MECP.

In MECP, the purchase price of the base machine would need to increase by 15% before the
hectare-based costs would be the same as for EXC + MAP (Table 5). Correspondingly, a reduction
of 15% in the purchase price would result in a 3% reduction in hectare-based costs in relation to
EXC + MAP. The minimum required productivity level for a profitable business would decrease
by 15 seedlings G;s-h! if the price of the MECP base machine was 35% lower (Table 5).

4 Discussion
4.1 The productivity of mechanized planting

The time consumption and productivity of the MECP was determined based on data from more than
70000 seedlings planted at nine sites. On average, it took approximately 9 h to plant 1 ha using the
Risutec PM-160 planting device. In general, the operating conditions were very suitable for MECP.

Based on our findings, it took an average of 3.8 s to load a single seedling into a seedling
cassette. This is more than in previous studies, where the time consumption per loaded seedling has
been 2.3-3.1 s seedling ™! (Rantala et al. 2009; Laine and Saarinen 2014). The loading time of the
seedling cassette constituted 21% of the total production time. In previous studies, the time spent
refilling seedling cassettes has accounted for 12%—20% of the effective working time (Rantala et
al. 2009; Liepins et al. 2011; Guerra et al. 2019). We also found that the data contained loading
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delays of more than 15 min (10%), which is twice as long as the entrepreneur himself estimated
to be the average loading time with no other tasks.

The average planting time without refilling the seedling cassette or without other delays
over 15 min was about 13.8 s seedling™!. Other studies have determined planting times of between
10.9 and 22.8 s seedling ™! (Ersson et al. 2011; Laine and Rantala 2013; Laine and Saarinen 2014;
Vesmins et al. 2020). Laine and Saarinen (2014) observed that the average planting time of the
Risutec APC planting device was 22.8 s seedling™!, but they also pointed out that the automatic
feeding system of the planting device had not functioned as intended, resulting in malfunctions. The
Risutec APC planting device was still in the prototype phase at the time of that study, which might
explain the greater time consumption per planted seedling than in our study. The average planting
time of the Bracke P11.a planter has been determined to be 12.8—-14.9 s seedling™! (Ersson et al.
2011; Laine and Saarinen 2014), whereas the average planting time of the two-headed M-Planter has
been recorded as 10.9 s seedling ™! with no seedling cassette loading time (Laine and Rantala 2013).

In this study, MECP was mainly performed on slash-harvested sites, which can increase the
productivity of MECP by 18% (Saarinen 2006). Therefore, slash removal may explain the higher
mean productivity (215 Gs-h™") than that observed in previous studies (<200 seedlings Gys-h™!),
which were often conducted under more variable operating conditions than in this study. Laine
and Saarinen (2014) estimated the productivity of the Risutec APC planter to be 163 seedlings
G15-h™! with slash- and stump-harvested worksites. However, in the study by Strandstrém (2018),
the productivity of the Risutec PM-160 planter was 195 seedlings Gs-h™!, which is closer to our
finding. The productivity of different planting devices, including the Bracke and M-Planter, has
been observed to vary considerably, in a range of 130-355 seedlings Go-h~! (Rummukainen 2002;
Saarinen 2006; Rantala et al. 2009; Rantala and Laine 2010; Liepins et al. 2011; Laine and Rantala
2013; Laine and Saarinen 2014; Guerra et al. 2019; Soler et al. 2024).

The average productivity was at an excellent level, although there were variations in produc-
tivity between the planting sites. The mean productivity of greater than 210 seedlings Gs-h™! was
achieved at six sites. By contrast, at Sites 2 and 9, the mean productivity was less than 200 seed-
lings Gys-h™!. Site 2 was rocky, and the logging residues had not been harvested, which probably
contributed to the lower productivity compared to the other planting sites of this study. However,
based on the background information, the mean productivity should have been higher at Site 9.
Furthermore, considerable variation in productivity was observed at the sites, as evidenced by the
relatively high standard deviation, which was up to 38 seedlings G;s-h™!. Some of the observed
variations can be attributed to differences between the machine operators. In addition, there will
also always be some degree of variation in the internal conditions of planting sites.

The competence of the machine operators and the suitability of the worksites have previ-
ously been identified as key factors influencing the productivity of MECP (Rantala and Laine 2010;
Laine et al. 2016; Laine 2017). The mean productivity of an inexperienced machine operator can
be more than 60% lower than that of an experienced operator (Rantala and Laine 2010). Here, the
sites were planted by an experienced entrepreneur. Moreover, the sites were found to be highly
suitable for MECP, on average. When considered alongside the background factors, our results
demonstrate that, with suitable site selection and competent machine operators, it is possible to
achieve the desired level of productivity.

The data relating to soil condition is particularly important and necessary in planning regen-
eration operations, to ensure that the most suitable methods are used in the regeneration chain.
From the perspective of MECP, it is essential to have comprehensive information on soil stoni-
ness, but so far, there is no such information available (Kérha et al. 2014; Timonen et al. 2019).
At present, soil stoniness is estimated by terrain measurements (Laine and Syri 2012; Kérhé et
al. 2014), which is an inefficient method of soil data collection. The lack of stoniness data is one
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of the limiting factors in the large-scale use of MECP in Finland (Kérhé et al. 2014; Timonen et
al. 2019). In recent years, efforts have been made to develop more efficient methods to determine
topsoil (<30 cm) stoniness (Melander et al. 2019; Karjalainen et al. 2022). However, these new
methods are not yet widely in use.

4.2 The cost-efficiency of planting chains

The setting of the cost analysis followed the works of Strandstrom et al. (2011) and Hallongren
et al. (2014). Some of the values of the parameters used in our cost analysis were set at the same
levels. These included the lifespans of the base machines and devices, the productivities of mound-
ing and MAP, and the utilization rates of the machines used in soil preparation. The similarity
between the settings facilitated comparison of the results of the analyses, although there were also
some differences in the cost calculations.

In terms of the economic viability of MECP, it is essential that the planting work be suf-
ficiently productive in relation to the operating costs. The minimum productivity level for MECP
has been estimated to be 190 seedlings G;s-h™! to beat a conventional planting chain (Strandstrom
et al. 2011; Hallongren et al. 2014). However, the corresponding minimum required level was
approximately 20 seedlings Gs-h™! higher in our study. Nevertheless, the MECP chain was able
to achieve this limit. In previous studies, the productivity level of MECP has been determined
to be lower. Hallongren et al. (2014) calculated that the cost of the MECP chain was up to 20%
higher in comparison with the conventional planting chain. In their analysis, the productivity of
MECP was set at about 150 seedlings Gys-h™! — 30% less than the productivity observed in this
study.

The results of our sensitivity analyses showed that, when the area of planting was set below
1 ha, the planting costs increased across all planting chains. In particular, the costs of CONT + MAP
increased when the average size of the site was set to 0.2—1.1 ha. On small sites, the share of
machine relocation costs increases significantly (Rummukainen et al. 2002; Rantala et al. 2010;
Strandstrom et al. 2011; Hallongren et al. 2014). Despite this, in our analysis, the hectare-based
costs of CONT + MAP were still lower than in other planting chains. We also found that a change
in the base machine’s purchase price did not significantly affect the profitability of MECP, which
aligns with the findings of Hallongren et al. (2014).

In line with our study, the cost-competitiveness of CONT has also been determined in some
previous studies (Rantala et al. 2010; Strandstrom et al. 2011; Hallongren et al. 2014). In our study,
CONT + MAP accounted for 62% of the cost of EXC + MAP. The productivity of MECP could
increase considerably from the current level to compete with CONT + MAP. However, CONT is
more sensitive to operating conditions than EXC-based mounders (Saksa et al. 2018), so from a
work quality point of view, it is not recommended to use CONT + MAP at all regeneration sites.
Consequently, CONT + MAP requires a more accurate site selection compared to EXC + MAP.

Based on our sensitivity analysis, the productivity requirement for MAP was almost 185 seed-
lings h™!. While this is not an impossible target, it is challenging to achieve at every planting site.
For example, the collective agreement has determined the time consumption for planting based on
the quality of the soil preparation and the soil type, with the productivity of planting work varying at
about 145-195 seedlings h™! (excluding seedling fetching, etc.) (Metsdalan tyoehtosopimus 2024).
Also, it is important to acknowledge that it is challenging to enhance the productivity of MAP
beyond the current level, whereas there is considerable potential for the development of MECP
chains. For instance, current seedling production has been developed in favor of MAP. Therefore,
developing better seedling materials, packaging, and logistics for MECP chains might be the best
ways of improving cost-efficiency (Ersson 2014; Laine 2017; Ersson et al. 2022).
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Due to labor shortages, there may not be enough employees available for MAP in the
future, which will eventually be a much bigger problem than the costs of planting work. Thus
far, the labor shortage has not had a strong impact on the planting work because foreign sea-
sonal labor has been available in Finland (Poikonen et al. 2023). However, the need for labor is
likely to continue to increase as the number of self-employed forest owners decreases (Kankaan-
huhta et al. 2018). As forest owners engage in fewer and fewer forest management activities,
the demand for entrepreneurs who provide forest management services will increase (Kankaan-
huhta et al. 2018). Mechanized planting already requires 20% fewer employee resources than
MAP chains, thus the mechanization of planting can reduce the need for labor (Hallongren et
al. 2014).

A financially viable business requires enough working hours per year. The results of this
study support the assertion that the base machine should have an alternative use outside of
the planting season. Correspondingly, during the planting season, the planting machine should
be in maximum use so that the annual costs of the planting device do not increase too much.
According to Laine (2017), the minimum annual amount of MECP is at least 130—150 ha, which
is still a valid practical recommendation for a profitable business. At the productivity level of
our study, MECP should be performed for 5 months in two shifts to give an annual planting
area of 140 ha. Implementing MECP in two shifts decreases the operating cost and improves
cost-effectiveness.

In addition to annual working hours, the utilization of machinery has played a key role in
the profitability of MECP. In our study, a 75% utilization rate was determined to be a critical figure
in the competitiveness of MECP. In previous follow-up studies, machine utilization has varied by
about 60%—-80% for MECP (Arnkil and Himéldinen 1995; Rantala and Laine 2010; Soler et al.
2024). Rantala and Laine (2010) illustrated the variation between machine operators with various
levels of work experience, using the share of effective working time in total working time, which
varied from 66% to 89% (average 80%). This proves the significant influence of experience and
skill on the utilization of machines, in addition to productivity, which in turn has a profound impact
on the profitability of MECP.

4.3 Research data and methods

Despite the quite large dataset, because the study sites were planted by one entrepreneur, the
results of this study cannot be generalized to cover the whole MECP chain in Finland. It is
also important to note that quality should always be considered when the aim is to improve the
cost-effectiveness of work through mechanization. For example, if the mechanization of plant-
ing work would reduce planting costs but also result in considerably lower regeneration success
than in MAP, it would not be worthwhile. In this study, we did not investigate the MECP from
a qualitative point of view. However, the forest regeneration results could be followed on these
planting sites over the coming years to determine whether the MECP resulted in at least decent,
or even better, regeneration results than from MAP, the latter being assumed based on previous
studies (Saarinen 2006; Luoranen et al. 2011; Laine and Rantala 2013; Laine and Saarinen 2014;
Lazdina et al. 2019).

The main challenge with the calculation of time consumed was that it was not possible to
specify more precisely what activities, other than planting, had been performed outside or during
the work. For example, the time consumed in seedling maintenance and other off-site tasks could
not be determined from the data. However, based on the results, we found that the share of delays
of more than 15 min, but less than 1 h, was 6% of the total planting time. A more detailed exami-
nation of the different work phases would have required video recordings of the planting work
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(Laine and Rantala 2013; Laine and Saarinen 2014; Kéarhi et al. 2018; Pohjala et al. 2024). Spatial
data analysis would also have been possible because the location and timestamp of each planted
seedling was known. In future studies, Asta data could be used to investigate, for example, how
soil moisture and slopes affect the productivity of MECP.

To increase the cost-effectiveness of MECP from the level of existing EXC-based one- and
two-headed planters, continuously advancing planting machines should be more available and
used. To address this development, a new generation of continuously advancing planting machines
entered the market in the 2020s. The Finnish Risutec Forest Maker and the Swedish PlantMax
planting machines, for instance, prepare the soil and plant the seedlings continuously, with two
planting units in two rows, which make them highly productive (Ersson 2022; Metsilehti 2023).
It is evident that continuously advancing planting machines can enhance productivity, albeit this
does not necessarily imply a significant improvement in cost-effectiveness (Hallonborg et al.
1995). Consequently, further investigation is required to assess the productivity, cost, and quality
implications of these novel MECP concepts in the future.

5 Conclusion

To conclude, our study showed how productivity affects the cost-efficiency of MECP. Our findings
indicate that an adequate level of productivity can be achieved if the worksites are suitable for
MECP (e.g., the logging residues have been harvested) and the machine operators are competent.
Currently, cost-effective MECP requires the mean productivity of more than 210 seedlings Gys-h™!,
a sufficient utilization rate, and an adequate number of working hours per year. The results support
the view that continuously advancing planting machines will be needed in the future to improve
productivity and cost-efficiency from the current level. The existing EXC-based planting devices
are capable of satisfactory performance regarding cost-effectiveness and quality. Despite this, the
area of MECP is still small in Finland. Consequently, the potential of MECP is not currently being
adequately exploited in Finland.
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