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*  Mechanical site preparation (MSP) with lightweight excavators controls highly competitive
plant species (Molinia caerulea, Pteridium aquilinum) much more efficiently than MSP with
conventional methods.

»  This MSP approach improves four-year survival and growth of pine seedlings, but it is less
evident for oak seedlings.

Abstract

Mechanical site preparation methods that used tools mounted on lightweight excavators and that
provided localised intensive preparation were tested in eight experimental sites across France where
the vegetation was dominated either by Molinia caerulea (L.) Moench or Pteridium aquilinum
(L.) Kuhn. Two lightweight tools (Deep Scarifier: DS; Deep Scarifier followed by Multifunction
Subsoiler: DS+MS) were tested in pine (Pinus sylvestris L., Pinus nigra var. corsicana (Loudon)
Hyl. or Pinus pinaster Aiton) and oak (Quercus petraea (Matt.) Liebl. or Quercus robur L.)
plantations. Regional methods commonly used locally (herbicide, disk harrow, mouldboard
plow) and experimental methods (repeated herbicide application; untreated control) were used as
references in the experiments. Neighbouring vegetation cover, seedling survival, height and basal
diameter were assessed over three to five years after plantation. For pines growing in M. caerulea,
seedling diameter after four years was 37% and 98% greater in DS and DS+MS, respectively,
than in the untreated control. For pines growing in P. aquilinum, it was 62% and 107% greater in
the same treatments. For oak, diameter was only 4% and 15% greater in M. caerulea, and 13%
and 25% greater in P. aquilinum, in the same treatments. For pines, the survival rate after four
years was 26% and 32% higher in M. caerulea and 64% and 70% higher in P. aquilinum, in the
same treatments. For oak, it was 3% and 29% higher in M. caerulea and 37% and 31% higher
in P. aquilinum. Herbicide, when applied for three or four years after planting, provided the best
growth performances for pines growing in M. caerulea and P. aquilinum and for oaks growing
in P. aquilinum. For these species and site combinations, DS+MS and DS treatments reduced the
neighbouring vegetation cover for one to four years following site preparation.
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1 Introduction

Rapid establishment, high seedling survival rate and fast early growth are the basis of successful
forest plantation. In most plantation sites, the development of young trees may be seriously impaired
by problems with the physical, chemical or biological characteristics of soils or by competition
from neighbouring vegetation (Wagner et al. 2006; du Toit et al. 2010). Mechanical site preparation
(MSP) is widely used to alleviate such constraints and create suitable microsites where the seedlings
can establish and grow and, ultimately, enhance plantation success (Burton et al. 2000). In some
countries, the use of herbicides is now strictly controlled (Ammer et al. 2011; Thiffault and Roy
2011) and MSP is receiving increasing attention since it represents an alternative to chemicals to
control the development of competing vegetation.

Managing the vegetation and the soil by MSP has proven to be effective if an appropriate
method is used (von der Gonna 1992; Lof et al. 2012). In the first place, MSP should aim at con-
trolling the vegetation and reducing its negative effect until the young trees reach a height where
they have outcompeted the vegetation. Depending on their morphological and biological features
(root density, root depth, plant cover, plant height, seed bank, sprouting ability, clonal propaga-
tion, growth rate), plants respond differently to the disturbance caused by MSP and, in order to
be effective, the choice of the MSP method must take the features of the neighbouring vegetation
into account (Balandier et al. 2006).

Similarly, multiple soil constraints commonly require different approaches and fine adjust-
ments to site preparation treatments. Soil water content is a first major constraint. Poorly drained
soils strongly restrict tree establishment and growth by decreasing the amount of oxygen available
for roots (Drew and Lynch 1980). Trees planted on such soils usually benefit from raised planting
positions that elevate the trees above the water table level and may be combined with the formation
of ditches that drain excessive water out of the stand (Hallsby and Orlander 2004). In contrast, on
dry sites, it is recommended to plant trees in trenches where snow and run-off may accumulate to
give the young trees better access to soil water. An additional soil constraint frequently found in
young plantations is soil compaction (Cambi et al. 2017). Many forest soils have compacted hori-
zons that may be of natural origin or caused by vehicle traffic (Smith and Johnston 2001). These
hardened horizons form a barrier to tree root growth by restricting tap root depth and diminishing
fine root density within the volume of soil explored by the root systems (Ampoorter et al. 2011).
Surface or deep tillage that fractures and decompacts soil horizons and reduces soil bulk density
has been successfully applied in such compacted soils to increase rooting volume and improve
root growth and activity (Lacey et al. 2001).

There is a wide range of soil and vegetation constraints that impact seedling establishment.
Soil and vegetation characteristics are not independent and these constraints often occur in specific
combinations. MSP methods are designed to deal with certain sets of constraints and generally will
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not be efficient to alleviate another type of constraint (Nilsson et al. 2010; Cole et al. 2018). In some
situations commonly found in western and central European forests at this time, there is no known
effective mechanical treatment to mitigate existing soil and vegetation constraints (McCarthy et al.
2011), e.g., sites with deep-rooted competing plant species such as Pteridium aquilinum (L.) Kuhn,
usually found on dry sites, or Molinia caerulea (L.) Moench, often found on highly compacted
clayey and loamy soils with high water tables. Both species rapidly develop after clear-cutting and
are strong resource competitors to the detriment of young seedlings (Gaudio et al. 2011; Vernay et
al. 2016; Fernandez et al. 2020). The site conditions where P. aquilinum and M. caerulea prevail
cover several thousand hectares in France. These challenging site conditions and desires for non-
chemical site preparation approaches have created strong demand for MSP tools that are designed
to alleviate these specific constraints and eventually enhance seedling establishment.

Intensive soil preparation is required to provide effective control of deep-rooted neighbour-
ing plant species, to decompact the soil to a depth sufficient for the seedlings to establish, or to
create pits and mounds to elevate seedlings above the water table in sites with strong waterlogging.
However, MSP methods that induce strong soil disturbances may not be acceptable at a time when
there is a demand for low impact practices that maintain long-term soil fertility (Duncker et al.
2012). Consequently, there is a clear need to develop MSP methods that alleviate strong vegetation
and soil constraints while controlling the overall soil disturbance induced.

New MSP tools have been designed to control deep-rooted competing plant species and
to reduce soil compaction or soil waterlogging, with limited impacts on the soil. The tools are
mounted on lightweight excavators that have a high manoeuvrability and allow localised spot or
line preparation. The tools perform locally intensive site preparation that leads to strong soil dis-
turbances around the seedlings (Quibel 2020; Collet et al. 2020) and that leaves large unprepared
zones between the planting spots, whereas the intensity of soil disturbance evaluated at stand
scale is low (Quibel 2020). In addition, the low weight of the machines leads to reduced deep soil
compaction under the wheel tracks (Collet et al. 2020). These tools seem to provide an interesting
compromise between the intensity of soil disturbance required to reduce the constraints to seedling
establishment and the overall soil disturbance estimated at stand scale, but their actual effects on
seedling performance have not yet been evaluated.

The objective of this study is to evaluate the effects of such tools on seedling survival and
growth, and to test whether the tools actually enhance seedling performance. We established an
experimental network with eight sites dominated either by either P. aquilinum or M. caerulea,
with different soil constraints, across different regions in France. We used two tree species at each
site that have contrasting early growth dynamics: different pine species (Pinus sylvestris L., Pinus
nigra var. corsicana (Loudon) Hyl. or Pinus pinaster Aiton) that establish rapidly and show strong
early growth, and different oak species (Quercus petraea (Matt.) Liebl. or Quercus robur L.) that
establish and grow more slowly than pines. We expected that (hypothesis H1) the new lightweight
tools provided more efficient vegetation control around the seedlings than conventional methods
involving disk harrowing, mouldboard plowing or herbicide application, and (hypothesis H2)
seedlings growing in plots prepared with lightweight MSP tools would show greater survival,
height and diameter growth than seedlings growing in unprepared plots or in plots prepared with
conventional methods. We also expected that (hypothesis H3) seedling responses to MSP would
be more pronounced for pine than for oak seedlings.
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2 Material and methods
2.1 Study sites and experimental design

Experimental sites (Table 1) were established in one of two types of soil conditions: sites on highly
compacted, waterlogged, sandy-silt acidic soils with a vegetation dominated by M. caerulea, and
sites on dry sandy acidic soils with a vegetation dominated by P. aquilinum. A total of eight sites
were established, which were distributed among four regions. For all sites, the altitude was lower
than 300 m and the slope was less than 10%. Annual average temperature ranged between 10.4 and
13.5 °C, and annual precipitation between 730 and 900 mm. Climate was oceanic with continen-
tal influence in Haguenau, and oceanic in all other sites. Previous stand type varied among sites
(broadleaved, conifers, mixed) as well as the stand removal method used (progressive regeneration
cut, clear-cutting, windstorm). In each site, all remaining overstory was removed and all remaining
slash was crushed one year before the experiment started.

Two tools mounted on lightweight excavators (2.8 tons) were used in our study (Supple-

mentary file S1, available at https://doi.org/10.14214/sf.10409):

- The deep scarifier (Scarificateur Réversible®, Kirpy, Layrac, France) consists of three 40-cm-long
curved shanks on which three 60-cm-long tines and two 20-cm-long intercalary curved shanks are
fixed. This tool can fracture the soil structure down to 40 cm at the most, and extracts plant root
systems. It is mainly used to control competing plant species with dense and deep root systems,
such as P. aquilinum. The tool extracts the vegetation (roots and shoots), shakes it thoroughly to
remove soil parts stuck to the roots and lays it aside in small piles. In M. caerulea sites, the dense
root system of the grass prevents the efficient separation of the soil from the roots, leading to the
creation of a slight ground depression.

- The multifunction subsoiler (Sous-soleur Multifonction®, Kirpy) is made up of two parts: a rake
on the top of the tool to clear away debris and remove the aboveground part of the neighbour-
ing vegetation, and a curved tine with two lateral wings and a pointed tip to provide deep soil
fracture and to form a mound. It is mainly used in compacted and poorly drained soils. It tills the
soil down to 50 cm at the most and may be used to form a 20-cm-high mound where the seedling
may be planted.

Table 1. Characteristics of the study sites: forest name, annual mean temperature (Tmean), annual precipitation, geo-
graphic location, site name, soil and humus type, dominant vegetation species, previous stand type and previous stand
removal information. Climatic data are public data from Météo France.

Forest Tmean Precipitation Site  Location Soil Humus Vegetation  Previous stand type ~ Stand removal
(°C) (mm) type type type and date
Bord- 11 730 BL 49°18'N, Sandy- Dysmoder Pteridium 120-year-old Scots Windstorm
Louviers 01°09°E  loamy aquilinum pine 1999
Haguenau 10.4 758 H1 48°50'N, Sandy Mor Pteridium >100-year-old mixed Windstorm
07°55'E aquilinum  Scots pine, beech 1999

and pedunculate oak
H2 48°49'N, Sandy- Hydromor Molinia >50-year-old mixed Windstorm

07°55'E  loamy caerulea  Scots pine and oak 1999
H3 48°49°'N, Sandy- Hydromor Molinia  25to 30-year-old  Windstorm
07°53’E  loamy caerulea Scots pine 1999
Villecartier 11 850 VI 48°28'N, Loamy Mull Pteridium >140-year-old beech Progressive
01°33'W aquilinum regeneration
cut 2010
Rennes 12 860 RE 48°13'N, Loamy Hydromor Molinia  180-year-old oak  Progressive
01°32"'W caerulea regeneration
cut 2010
Escource  13.5 900 ES 44°12'N, Sandy Mor Pteridium  50-year-old mari-  Clear cut
01°05'W aquilinum time pine 2008
Solférino  13.5 900 SO 44°08'N, Sandy Hydromor Molinia  50-year-old mari- Clear cut
00°53'W caerulea time pine 2008
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Five site preparation methods were compared in each site:

- DS, deep scarifier. 1 to 1.5-m-wide lines spanning the planting rows were prepared at the end of
summer. The depth of soil preparation ranged from 20 to 30 cm, depending on the site.

- DS+MS, deep scarifier followed by multifunction subsoiler. Following the DS, the MS was used
on the same lines to till the soil and create a mound. MS preparation was performed immediately
following DS preparation. Depending on the site, the depth of soil cultivation ranged from 35 to
45 cm, and the height of the mound from 10 to 20 cm.

- HE, repeated herbicide application. Herbicides were applied each year, for a period of 1 to 4 years
after planting, which varied among sites. See Table 2 for details. Herbicides were applied at the
beginning of summer, and the first application took place during the summer before planting.

- RR, regional reference site preparation method. A conventional method locally used by forest man-
agers in similar ecological conditions (herbicide, disc harrow or mouldboard plow) was used and
differed among regions. See Table 2 for details.

- C, untreated control: no site preparation.

In each site, cultivation profiles, a method to analyse the impacts of cultivation practices
on soil structure (Collet et al. 2020), were performed in treatment DS, DS+MF and C. An average
profile for treatments DS and DS+MF is shown in Suppl. file S1.

In each site, an oak species and a pine species were compared. These oak and pine species
were chosen for their contrasted life traits: pines generally show higher survival rates and more
rapid growth trajectories after planting than oaks (Boutte 2015, 2020). Two or three-year-old bare
root (1+1 or 1+2) oak and one-year-old containerised pine seedlings were planted during the winter
season. All pine seedlings had been chemically treated against Hylobius abietis (Linnaeus, 1758)
in the nursery with an insecticide (Imidacloprid). Sites were fenced in order to suppress damage
by ungulates and lagomorphs.

In each site, the experimental design contained two or three blocks. Within each block, the five
treatments were randomly assigned to a plot. After site preparation, each plot was divided into two
equally-sized split plots, and each split plot was planted either with oak or with pine. Planted buffer
zones of at least 2 m in width were established around each plot, and measurements were carried
out only in the central zone of the plots. The distance between planting rows varied between 2 and
6 m, depending on site and treatment (treatment DS+MF required larger spacing between planting
rows), and the distance between trees along the row was 1 m at all sites. Accordingly, split plot size
varied between 1190 and 1960 m?, and tree density in split plots varied between 2200 and 3300
trees per ha. The measurement zone of each split plot included 68 to 96 trees, either pine or oak.

High mortality rates occurred during the first year in some sites and for some species (see
Results). At these sites, the split plots were either fully replanted the next year or were abandoned.
At the three Haguenau sites (H1, H2, H3), oak showed a high mortality rate due to strong winter
frost. At H1, oak was replanted in all treatments. At H2 and H3, the losses were high only in the
DS+MS treatment. At these two sites, oaks in the DS+MS treatment were replanted and an addi-
tional HE split plot was added to each block and planted the same year to take potential year effects
due to differences in climate or in planting stock into account. Therefore, all oaks at H1, as well
as the oaks in the DS+MS and the HE treatments at H2 and H3, were one year younger than the
other seedlings at the site. These split plots were considered as a separate experimental site in all
of the statistical analyses because they were planted a different year and used a different seedling
stock. For all Haguenau sites (H1, H2, H3), the pines were unaffected by the winter frost event.
In Escource (ES) and Solférino (SO), both oak and pine showed high mortality due to winter frost
and summer drought, leading to the abandonment of the two sites. At all of the other sites (BL,
RE, VI), seedling mortality was lower and the sites were not replanted.
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As explained above, the same experimental design was used for all of the experimental sites.
However, pronounced differences among sites in total area, local reference site preparation treat-
ments, plantation species, and adverse climatic conditions resulted in treatment plots that differed
in (1) the way the MSP method was applied in each treatment (maximum depth reached by the tool,
width of the prepared area, height of the mound); (2) the planted species and stock type; (3) the
planting density; (4) the planting year; and (5) the time between site preparation and planting. Any
variation in these factors was assumed to have been captured within the experimental site factor.

2.2 Measurements and data processing

Each year during winter, basal diameter and total height were measured on all seedlings in the
measurement zones (68 to 96 seedlings per species, across 10 to 15 plots, at each site). The status
(alive or dead) and, for dead seedlings, the most probable cause of death, were recorded.

Eight 1-m? observation subplots were established in the measurement zone of each plot
for vegetation measurements. Subplots were centred on the planting rows and located between
two trees. One subplot was established on each planting row, and its position along the row was
randomly chosen. Each year in September, plant species were determined and the cover (the ratio
of the surface area occupied by the vertical projection of the plants on the ground, over the ground
surface area described, multiplied by 100) was visually estimated for each species. Only individu-
als rooted inside the subplot were taken into account.

The number of species per subplot varied between 0 and 11 (median value: 3.0). In total,
114 species were recorded in the study. Plant species were pooled into groups in order to avoid
analysing many species with a low presence in each subplot. Seven groups were defined, adapted
from Balandier (2006): (1) P. aquilinum; (2) M. caerulea, (3) other graminoids (sedges and rushes,
grasses other than M. caerulea); (4) Rubus fruticosus L.; (5) Calluna vulgaris (L.) Hull and Erica
cinerea L.; (6) woody plants other than Ericaceae; and (7) other species. For each record, the cover
of each of the seven groups (cover record) was computed as the sum of the cover of all individual
species included in the group. Since plants within a group belonged to the same plant layer, it was
possible to combine them by summing their individual cover values (Chytry et al. 2005; Fischer
2015). However, nine values (out of a total of 6517 values) were slightly higher than 100% and
were equalled to 100%.

Total plant cover was estimated using the cover record values for the seven groups. Com-
bining plants belonging to different layers is not straightforward (Chytry et al. 2005), and Fischer
(2015) proposed an index to combine the values of multiple layers into a unique value that takes
the overlap between the layers into account. For each subplot and each measurement date, total
plant cover was computed as:

plant _ covery,, =100 — H;l (100 —cover _record,y, ) )

where i, p, and y indicated plant group, subplot, and year, respectively. By construction, plant _cover
ranged between 0 and 100%.

In order to estimate the contribution of each group to plant cover, the method developed by
Fischer (2015) was used to compute group values that would add up to plant_cover. First, for each
group, plant cover was averaged per site, treatment and year (cover_average) as the mean of eight
cover_record values corresponding to the eight subplots. For each site, treatment and year combi-
nation, the seven groups were then ranked in descending order of cover_average values. Second,
a cover index (cover_index) for each group in each subplot and each measurement date was then
computed recursively, starting with the group with the highest cover average value, as follows:
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100 — Z;;lo cover _indexyy,
100

cover _index;,, = cover _record;,, X 2)
where i (from 1 to 7) indicated the ith plant group, sorted by descending order of cover average
within each site, treatment and year combination, p; and y indicated subplot and year, respectively,
and where cover_index,, was set to 0.

2.3 Statistical analyses

The effects of site preparation on seedling survival one and four years after plantation were analysed
separately using beta regression. Because of high short-distance spatial autocorrelation in early
seedling mortality, survival was analysed using survival rates at split plot scale. Because of the low
number of split plot replicates per experimental site, species were pooled into two types (pines and
oaks), and experimental site was not introduced in the models. The following models were used:

logit(Ssvt) =HFogX ﬁ" Vi (3)

where logit(S;,,) was the logit transformation of the mean survival rate [0—1] after one year or after
four years of seedlings in split plots corresponding to species s (pine or oak) in vegetation type v
(M. caerulea or P. aquilinum) in treatment #; u was the overall mean, and «, £ and y were param-
eters to be estimated. The second-order interaction among the three factors was not significant and
was removed, first-order interactions were tested and only significant interactions were kept in
the final models. Likelihood ratio tests on nested models were used to estimate factor effects. To
test whether differences among treatments were significant, post-hoc pairwise comparisons were
performed using treatment estimated marginal means.

To analyse the effects of site preparation on seedling growth, analyses of variance for
seedling diameter and seedling height at the end of the experiment (i.e., four years after planting)
were performed. Factors thought to affect the responses were incorporated into the initial models:
treatment, main vegetation type and tree species as fixed factors, experimental site and plot as
random factors. First-order interactions among factors were introduced into the initial models.
Experimental site x treatment and species x treatment interactions were highly significant for
both height and diameter, and separate models were then fitted for each species and each experi-
mental site. Since separate models were fitted for each experimental site, main vegetation type
(Molina or P. aquilinum) was removed. Plot and its interaction with treatment were introduced as
random effects, but the interaction was not significant and was removed from the models. Since
heteroscedastic standardised residuals were observed, a variance-structure term that permitted
different levels of variance among treatments was added. This option significantly improved the
models. The resulting models, established for each experimental site and each species present in
the experimental site, were as follows:

Yip = B+ + Bpr) + Eip 4

where y;;,, was the seedling height or basal diameter after 4 years of seedling i in treatment # and
plot p; 1 was the overall mean; o and f were parameters to be estimated; and ¢ corresponded to the
residuals, normally distributed within each treatment, such that &;;, ~ N(0, o?). Plot was arandom
effect nested within treatment and was assumed to be normally distributed. The models finally
retained for the analyses did not compare the experimental sites or the species. To test whether
the differences among treatments were significant within each experimental site and each species,
post-hoc Tukey-adjusted pairwise comparisons were performed.



Silva Fennica vol. 55 no. 2 article id 10409 - Dumas et al. - Four-year-performance of oak and pine seedlings ...

The effects of site preparation on total plant cover were examined for each site and each year
separately, using beta regression. To test whether the differences among treatments were significant
within each experimental site and each year, post-hoc pairwise comparisons were performed.

All analyses were carried out in R 3.5.2 (R Core Team 2018) and models were fitted and
tested with the betareg (Cribari-Neto and Zeileis 2010), emmeans (Length 2020) and nlme (Pinheiro
et al. 2019) packages. In all analyses, the accepted level of significance was a=0.05.

3 Results
3.1 Seedling survival

Treatment effects on seedling survival after one growing season varied considerably with site, year
and tree species, and no clear trend appeared. Regression models that pooled the three pine species
into a pine group and pooled the two oak species into an oak group (Eq. 3) indicated no significant
effects of tree species (p=0.68) and treatment (p=0.87). The final model including only the main
vegetation type was significant (p<0.001) but weak (pseudo-R?>=0.17). In some experimental sites
and some years (Table 3), survival rate was high for all treatments (pine: sites BL, H1, H2 and RE;
oak: sites BL and RE) while in other sites, seedlings died during the first winter in all treatments
(pine: site SO). In some experimental sites and years, differences among treatments appeared but
were not uniform, and the outcome differed from one site to the other. In site VI, pine seedlings
in the control performed the worst, with a survival rate of 64% compared to more than 85% in all
other treatments. On the contrary, in the 2011 oak plantation of site H3, DS+MS showed the lowest

Table 3. Survival after one growing season of pine and oak seedling planted in eight experimental sites in Northern
France, in different site preparation treatments (HE, herbicide; RR, regional reference; DS, deep scarifier; DS+MS,
deep scarifier followed by multifunction subsoiler; C, untreated control).

Site Tree species Vegetation Plantation Survival rate (%)

year HE RR DS DS+MS C
BL Pinus nigra Pteridium aquilinum 2010 95 97 97 100 93
H1 Pinus sylvestris Pteridium aquilinum 2011 93 99 95 97 98
VI Pinus sylvestris Pteridium aquilinum 2011 93 87 98 94 64
ES Pinus pinaster Pteridium aquilinum 2011 50 61 62 62 44
H2 Pinus sylvestris Molinia caerulea 2011 99 99 100 100 95
H3 Pinus sylvestris Molinia caerulea 2011 99 97 100 100 79
RE Pinus sylvestris Molinia caerulea 2011 96 95 93 97 93
SO Pinus pinaster Molinia caerulea 2011 0 0 0 0 0
BL Quercus petraea Pteridium aquilinum 2010 97 98 94 96 93
H1 Quercus petraea Pteridium aquilinum 2011 69 68 24 2 43
Hl Quercus petraea Pteridium aquilinum 2012 89 86 89 85 77
VI Quercus petraea Pteridium aquilinum 2011 86 91 89 84 79
ES Quercus robur Pteridium aquilinum 2011 8 28 29 35 5
H2 Quercus petraea Molinia caerulea 2011 97 94 97 48 92
H2 Quercus petraea Molinia caerulea 2012 81 - - 85 -
H3 Quercus petraea Molinia caerulea 2011 87 80 85 25 91
H3 Quercus petraea Molinia caerulea 2012 75 - - 92 -
RE Quercus petraea Molinia caerulea 2011 98 97 96 98 98
SO Quercus robur Molinia caerulea 2011 58 70 88 82 67
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survival rate (25%) compared to survival rates of between 80% and 91% in other treatments. Oak
and pine seedlings planted the same year in the same site may show similar (site BL) or differ-
ent (site SO) treatment responses. A species in a given site may show different responses in two
successive years (oak in site H1 planted in 2011 and 2012). Some differences observed among
treatments could be ascribed to specific events that occurred in the experimental sites during the
first year: winter frost (site SO in 2011, sites H1, H2 and H3 in 2011), summer drought (site ES),
and root damage by cockchafers (Melolontha spp.) (sites H1, H2 and H3 in 2011).

In contrast, treatment effects on seedling survival after four growing seasons showed stronger
trends. Regression (Eq. 3) indicated significant effects of tree species type (pines vs. oak) (p<0.001),
main vegetation (p=0.005), and treatment (p<0.001), with an interaction between species and
vegetation (p<0.001). The final model that included these effects showed a pseudo-R?=0.33.
Marginal means were 63% (a), 76% (b), 77% (b), 83% (bc) and 88% (c) for treatments C, HE,
RR, DS and DS+MS, respectively (means followed by the same letter did not significantly differ).

Treatment effects on pine seedling survival after four growing seasons showed similar trends
for all experimental sites (Table 4). In all sites, seedlings in the control performed worse, with a
survival ranging from 40% to 79% (median: 60.5%). In other treatments, survival ranged from
63% to 97% (median: 90.5%). The highest survival rates were observed for MSP treatments, in
general, DS+MS (ranging from 90% to 99%, median: 96%).

Oak seedlings in P. aquilinum sites performed worse in the control and short-term herbicide
treatments (two years), with a survival ranging between 47 and 82% in these treatments (Table 4).
In other treatments, survival ranged between 57 and 97%. In M. caerulea sites, results were very
heterogeneous and oak survival responded very differently to treatment depending on the experi-
mental site.

Table 4. Survival after four growing seasons of pine and oak seedling planted in eight experimental sites in North-
ern France, in different site preparation treatments (HE2, HE3 and HE4 herbicide applied during 2, 3 and 4 growing
seasons, respectively; RR, regional reference; DS, deep scarifier; DS+MS, deep scarifier followed by multifunction
subsoiler; HE, herbicide; C, untreated control).

Site  Tree species Vegetation Plantation Survival rate (%)

year HE2 HE3 HE4 RR DS DS+tMS C
BL  Pinus nigra Pteridium aquilinum 2010 - 87 - 90 97 99 65
H1  Pinus sylvestris Pteridium aquilinum 2011 - - 76 67 68 91 51
VI Pinus sylvestris Pteridium aquilinum 2011 63 - - 73 91 90 40
H2  Pinus sylvestris Molinia caerulea 2011 - - 90 97 97 97 84
H3  Pinus sylvestris Molinia caerulea 2011 - - 93 89 91 97 56
RE  Pinus sylvestris Molinia caerulea 2011 92 - - 89 89 96 79
BL  Quercus petraeca Pteridium aquilinum 2010 - 90 - 97 90 90 82
H1  Quercus petraea Pteridium aquilinum 2012 - - 84 57 79 78 47
VI Quercus petraea Pteridium aquilinum 2011 55 - - 84 85 75 56
H2  Quercus petraeca Molinia caerulea 2011 - - 79 78 89 - 84
H2  Quercus petraea Molinia caerulea 2012 - - 70 - - 77 -
H3  Quercus petraca Molinia caerulea 2011 - - 72 66 78 - 66
H3  Quercus petraea Molinia caerulea 2012 - - 63 - - 87 -
RE  Quercus petraea Molinia caerulea 2011 54 - - 50 46 89 57
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3.2 Pine growth

After four growing seasons, pine height was comprised between 73.5 and 205.0 cm, and basal
diameter between 13.5 and 57.2 mm. Models for pines (Eq. 4) led to statistically significant effects
of treatments on pine seedling basal diameter in all sites (Fig. 1). In height models, treatment effect
was statistically significant in sites BL, Hland H2, but not in sites VI, H3 and RE (Fig. 2).

In P. aquilinum sites, pine basal diameter after four growing seasons was highest for HE and
DS+MS treatments. Differences with C were statistically significant in the three experimental sites
(Fig. 1). Differences between HE and DS+MS did not statistically differ in any experimental site,
but the HE treatment tended to perform better in sites BL and H1 where the herbicide was applied
during three or four growing seasons, contrary to site VI where the herbicide was only applied
during two growing seasons. Seedlings in the control performed the worst in all experimental sites,
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Fig. 1. Height and basal diameter of pine seedlings in Pteridium aquili-
num sites (sites BL, H1 and VI, Northern France), following site prepa-
ration (HE: herbicide application; RR: regional reference; DS: deep
scarifier; DS+MS: deep scarifier followed by multifunction subsoiler;
C: untreated control). The horizontal arrow at the bottom of the graph
indicates the length of time of herbicide application in treatment HE in
each experimental site (from 2 to 4 years). The probability associated
with the treatment effect is indicated in a linear model performed on
height at the age of 4. Vertical segments on the right-hand side of the
plot indicate the results of t-tests used for post-hoc mean comparisons
(treatment means joined by a segment do not significantly differ).
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Fig. 2. Height and basal diameter of pine seedlings in Molinia caerulea
sites (sites H2, H3 and RE, Northern France), following site preparation
(HE: herbicide application; RR: regional reference; DS: deep scarifier;
DS+MS: deep scarifier followed by multifunction subsoiler; C: untreat-
ed control). The horizontal arrow at the bottom of the graph indicates
the length of time of herbicide application in treatment HE in each ex-
perimental site (from 2 to 4 years). The probability associated with the
treatment effect is indicated in a linear model performed on height at the
age of 4. Vertical segments on the right-hand side of the plot indicate
the results of t-tests used for post-hoc mean comparisons (treatment
means joined by a segment do not significantly differ).

even though differences with treatments DS and RR were not always significant. Response differ-
ences among other treatments were more difficult to interpret, even though DS treatment seemed
to perform better than C but worse than DS+MS in most experimental sites.

Seedling height tended to respond similarly to diameter (higher seedlings in HE and DS+MS
than in C), but statistically significant differences among treatments within each experimental site
occurred less frequently.

Pine diameter responded quite similarly in M. caerulea sites (Fig. 2). HE was significantly
more effective than C in the three experimental sites. It was more effective than other treatments
in all experimental sites, although the differences were not always statistically significant. DS+MS
was the most efficient treatment after HE, and seemed better than C and other MSP treatments.
In site RE, where the waterlogging constraint was highest, seedling height and diameter were the
lowest for the DS treatment.
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Differences in height were much smaller, and heterogeneity among experimental sites was
greater for height than for diameter. In experimental sites H2 and H3, treatment C performed worse
than other treatments, and differences were significant only for site H2. In site RE, seedlings were
highest in treatment HE and lowest in DS.

3.3 Oak growth

Overall, oak appeared to grow slower than pine, with a period of one, two, three or four years
after planting, a period during which height increments remained below or close to zero. After
four growing seasons, oak height was comprised between 34.5 and 179 cm and basal diameter
between 7.9 and 25.3 mm. In most experimental sites, treatment effects were less distinct in oak
than in pines. Models for oak (Eq. 4) led to statistically significant effects of treatments on seedling
basal diameter in all sites except site VI and H2 (Fig. 3). In height models, treatment effect was
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Fig. 3. Height and basal diameter of sessile oak seedlings in Pteridium
aquilinum sites (sites BL, H1 and VI, Northern France), following site
preparation (HE: herbicide application; RR: regional reference; DS:
deep scarifier; DS+MS: deep scarifier followed by multifunction sub-
soiler; C: untreated control). The horizontal arrow at the bottom of the
graph indicates the length of time of herbicide application in treatment
HE in each experimental site (from 2 to 4 years). The probability asso-
ciated with the treatment effect is indicated in a linear model performed
on height at the age of 4. Vertical segments on the right-hand side of the
plot indicate the results of t-tests used for post-hoc mean comparisons
(treatment means joined by a segment do not significantly differ).
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statistically significant only in sites BL, HI (2nd plantation) and H2 (2nd plantation), but not in
other sites (Fig. 4).

In P. aquilinum sites, oak diameter and height were greater in HE than in other treatments,
except for height in site VI where herbicide was only applied during two growing seasons (Fig. 3).
In sites H1 and VI, MSP treatments did not perform significantly better than the control. In site
BL, diameter in treatments DS, DS+MS and RR was significantly greater than in treatment C but
not significantly different from each other.

In M. caerulea sites, oak seedlings only grew very slowly in C and in all MSP treatments
(Fig. 4) in all experimental sites. With the exception of site RE, where herbicide was only applied
during two growing seasons, HE was the only treatment where oak reached a diameter of above
11 mm after four years. In site RE, where waterlogging was the greatest, average height slightly
decreased for all treatments. In site RE, treatment DS even gave seemingly worse results than the
control.
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Fig. 4. Height and basal diameter of sessile oak seedlings in Molinia caerulea sites (sites H2, H3 and
RE; H2 and H3 were planted twice, Northern France), following site preparation (HE: herbicide ap-
plication; RR: regional reference; DS: deep scarifier; DS+MS: deep scarifier followed by multifunction
subsoiler; C: untreated control). The horizontal arrow at the bottom of the graph indicates the length of
time of herbicide application in treatment HE in each experimental site (from 2 to 4 years). The prob-
ability associated with the treatment effect is indicated in a linear model performed on height at the age
of 4. Vertical segments on the right-hand side of the plot indicate the results of t-tests used for post-hoc
mean comparisons (treatment means joined by a segment do not significantly differ).
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3.4 Plant cover

In all years, mean plant cover (plant _cover) in treatment C ranged from 67% to 100% (Fig. 5 and
6), with the exception of site BL during the first year where plant cover was low (44.2%). The
low value may have been caused by a floristic inventory made soon after a late frost that damaged
P aquilinum. In all control plots, the vegetation was strongly dominated either by P. aquilinum
or M. caerulea.

In all sites, herbicide treatments significantly reduced plant cover values, and the duration
of the effect was related to the duration of the herbicide application: two years in VI and RE, three
years in BL, five years in H1, H2 and H3 (Suppl. file S2). Herbicide strongly increased plant diver-
sity in sites H2 and H3, whereas the vegetation remained dominated by M. caerulea in site RE.
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Fig. 5. Plant cover in Pteridium aquilinum sites (sites BL, H1 and VI, Northern France) following site preparation
(HE: herbicide application; RR: regional reference site preparation method; DS: deep scarifier; DS+MS: deep scarifier
followed by multifunction subsoiler; C: untreated control). For each species, plant cover was estimated using Eq. 2. In
treatment HE, the horizontal arrow at the top of the graph indicates the length of time of herbicide application in each
experimental site (from 2 to 4 years). Plant species were pooled into seven groups. The asterisks above the first year in
site BL correspond to a floristic inventory carried out soon after late frosts in May that reduced P. aquilinum cover. NA
indicates missing values for the corresponding year.
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Fig. 6. Plant cover in Molinia caerulea sites (sites H2, H3, RE, Northern France) following site preparation (HE:
herbicide application; RR: regional reference site preparation method; DS: deep scarifier, DS+MS: deep scarifier fol-
lowed by multifunction subsoiler; C: untreated control). For each species, plant cover was estimated using Eq. 2. In
treatment HE, the horizontal arrow at the top of the graph indicates the length of time of herbicide application in each
experimental site (from 2 to 4 years). Plant species were pooled into seven groups. NA indicates missing values for the
corresponding year.

Regional reference treatments that involved MSP (treatment RR in sites H1, H2, H3, RE
and VI) only slightly decreased plant _cover values compared to C (Suppl. file S2), and always for
a short length of time (no more than one year in most sites). In M. caerulea sites (H2, H3, RE),
vegetation composition was not affected, whereas in P. aquilinum sites (BL, H1, VI) plant diversity
seemed greater than in the control.

Lightweight MSP had a strong effect on plant _cover values: it ranged between 13% and 45%
and between 10% and 24% in the first year in treatments DS and DS+MS, respectively, and the
effect lasted between one and four years, depending on the site (Suppl. file S2). In site BL where
the effect was the most pronounced, plant_cover values after four years were 23% and 31% in
treatments DS and DS+MS, respectively. Both treatments changed species composition, especially
in P. aquilinum sites. In most sites, the effects on plant _cover values and on species composition
were stronger in DS+MS than in DS.
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MSP treatments (DS, DS+MS, RR, in sites H1, H2, H3, RE and VI) decreased plant _cover
values compared to C for time periods comprised between one and five years depending on site.
Impact on vegetation composition was also highly variable: in site H1, P. aquilinum cover was
much smaller in DS and DS+MS treatments than in C after five growing seasons, whereas in site
H2, M. caerulea was still the dominant species after the same length of time.

4 Discussion
4.1 Impacts of MSP on competing plant species and soils

Some plant species such as P. aquilinum and M. caerulea, but also other grass species (e.g., Des-
champsia cespitosa (L.) P. Beauv.) or ericaceous species, which are very common in central and
western Europe, may seriously impair seedling establishment (McCarthy et al. 2011; Gaudio et al.
2011). Because of their deep and dense root systems, these species are very difficult to control using
traditional MSP methods. The two tools, DS and MS, were specifically designed to reduce plant
species that are difficult to control mechanically. In our study, they proved to be very efficient at
reducing the cover of P. aquilinum and M. caerulea and provided a two- to four-year time window
for the seedlings to grow with reduced competition. These time windows may be considered as
sufficient to allow rapid seedling establishment (Wagner and Robinson 2006). They were much
longer than those obtained in the Regional Reference treatment, which represented conventional
MSP tools (one year in all experimental sites). As expected, these methods were insufficient to
allow successful seedling establishment in these site conditions.

After MSP, P. aquilinum may recolonize the prepared area mainly by rapidly resprouting from
living roots remaining in the deep soil horizons, or by slowly growing from adjacent unprepared
areas with undisturbed plants (Dolling 1999). DS and MS tools were very efficient because they
were able to almost completely remove P. aquilinum root systems in the prepared area, preventing
any resprouting. M. caerulea mainly recolonizes the prepared area by resprouting from remain-
ing roots, by growing from dormant seeds stored in the upper soil layers or by growing from new
seeds dispersed from adjacent unprepared areas (Taylor et al. 2001; Brys et al. 2005). Contrary to
traditional tools, the DS and MS tools completely removed the grass root system and the dormant
seeds and set them 1 m to the side. After a preparation using the DS or MS tools, new M. caerulea
plants mostly originated from dispersed seeds, strongly curtailing its recolonization.

In our study, MSP treatments improved seedling growth and survival in most situations.
However, when applied over a sufficient duration (at least three to four years), herbicide treat-
ments outclassed most MSP treatments. Although MSP methods differ greatly from one study to
another, the literature globally tends to show that MSP and herbicides both improve seedling growth
and survival. Some studies suggest that the best results are obtained by a combination between
mechanical and herbicide treatments (L6f et al. 2012) while others demonstrate that herbicide alone
performs better than MSP (e.g., Sutherland and Foreman 2000). Our own study tends to show the
latter, especially if the herbicide is applied during at least three growing seasons. Since herbicide
treatments only reduce vegetation constraints but do not modify soil constraints (as opposed to
MSP treatments), our results confirm the major role of competing vegetation on seedling growth
and survival even in sites with high soil constraints (drought, waterlogging, and/or compaction).

In addition to removing neighbouring vegetation, MSP also modifies the soil structure (Bock
and Van Rees 2002). It may improve soil structure, mainly by loosening and aerating the soil, which
is expected to enhance seedling root development (Neaves et al. 2017), but it may also induce soil
compaction due to machine traffic (Aust et al. 2004), soil smearing caused by the tool (Kees 2008)
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or lateral export of soil and organic matter, which all may have detrimental effects on the growth
and functioning of seedling roots (Cambi et al. 2017). These changes in the soil structure may, in
turn, induce a series of positive and negative side effects: reduction of organic matter (Yildiz et al.
2009), nutrient leaching (Berthrong et al. 2009), nutrient mineralization (Smolander et al. 2000),
soil organic carbon losses (Barcena et al. 2014), soil temperature reduction or elevation (Sutton
1993), and changes in microbial activity (Merino et al. 2004). These factors are all known to affect
seedling establishment and growth, and changes in soil characteristics induced by MSP have been
shown to possibly last for decades (Sutinen et al. 2019).

The MSP treatments used in our study differed in terms of their direct impacts on soil struc-
ture. Visual soil observations performed in the experimental sites (Collet et al. 2020) showed that
the lightweight tools, DS and MS, loosened the soil horizons down to a depth of 30 and 45 cm,
respectively, and completely removed the upper organic soil horizons. The other MSP tools used
in our study reached a depth of only 20 cm and did not remove the organic horizons. Soil compac-
tion on wheel and caterpillar tracks induced by the tool carrier were limited in lightweight MSP
treatments, compared to conventional MSP treatments. However, in waterlogged sites, most light-
weight and conventional tools induced soil smearing at the soil-tool interface. A companion study
(Dassot and Collet 2020) performed in one experimental site of the present study (site BL, with
P. aquilinum) showed that root systems of both pines and oaks were slightly larger in the herbicide
than in the lightweight treatment after four years, and much smaller in the control.

Since lightweight tools provided efficient control of the neighbouring vegetation and
offered a larger volume of loosened soil around the seedling rooting zone, we expected that they
would enhance seedling performance, compared to herbicide treatments. Somewhat surprisingly,
seedling growth did not statistically differ between lightweight tools and herbicide treatments in
most experimental sites. In the only site where statistically significant differences were observed,
differences occurred in favour of the herbicide treatment. These observations suggest an overall
effect of MSP on soil characteristics that is negative towards seedling growth.

We think that the intervention of lightweight tools made it possible to adequately control
competing vegetation but, in parallel, may have degraded soil structural, chemical and biological
fertility. Investigating the impacts of MSP on the various soil properties that may in turn affect
seedling establishment and growth over the long term would be necessary to identify the best
compromise, allowing sufficient vegetation control while preserving long-term soil fertility.

4.2 Impacts of subsoiling-mounding for pine species

Our study confirmed the positive effect of mounding (tested in treatment DS+MS) on seedling
growth and survival compared to an untreated control and other MSP treatments, both in water-
logged and drier sites for pines and oak species, in agreement with previous studies (Bolte and
Lo6f 2010; Sikstrom et al. 2020). In waterlogged sites, the main factor expected to impair seedling
growth is the deficit of oxygen available for the roots (Drew and Lynch 1980). The main objective
of mounding is thus to plant seedlings above the natural ground level. Mounding also increases
soil temperature and reduces competing vegetation cover, potentially leading to a higher nutrient
availability for seedlings (Sutton 1993). Our study shows the importance of reducing the compe-
tition caused by vegetation more clearly than the effect of relieving the waterlogging constraint.
In contrast, the DS tool scalps and removes the upper soil and creates a small depression
where the water may stagnate in waterlogged sites. In experimental site RE where waterlogging
was the most intense, visual observations made during the winter and spring seasons showed that
the DS treatment increased the waterlogging constraint by lowering planting spot elevation. Site
RE was the only experimental site where DS performed worse than the untreated control, with a
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lower height and diameter of pine seedlings after four growing seasons. Such detrimental effects
of scalping on seedling survival and growth in sites with high water tables have been previously
reported (Pearson et al. 2011).

In dry sites, a major threat for young seedlings is the summer drought during the first growing
season (Grossnickle 2005). In such sites, mounding may increase summer drought, due to higher
soil temperatures and deeper wet soil horizons during the summer. However, our study shows that
mounding also performs very well on dry P. aquilinum sites. These results might be explained by a
higher volume of decompacted soil after mounding preparation and by a decrease in neighbouring
vegetation cover (Sutton 1993).

4.3 Seedling survival responses to MSP

Post-planting stress very often causes high seedling mortality rates during the first years (Burdett
1990). Recently planted seedlings usually suffer from a bad root-to-shoot balance, leading to a
greater water stress and an insufficient supply of carbohydrates (Vyse 1981). Site conditions such
as neighbouring vegetation cover, soil water content, soil texture and compaction, as well as nurs-
ery and transfer to plantation site conditions, may aggravate post-planting stress and negatively
impact seedling growth and survival. A few months are generally necessary for seedlings to grow
enough roots to be able to sustain normal growth rates.

Our study shows that seedling mortality in the first year is extremely variable depending
on treatment, experimental site and year. However, after four years, the variability is lower and
mortality rates show clearer trends, where seedlings in the MSP treatments have higher survival
rates. We hypothesize that post-planting stress during the first year led to higher seedling sensi-
tivity to various adverse events that occurred in the experimental sites (late frosts, heavy winter
frosts, cockchafer attacks, rabbit herbivory, severe summer droughts), as suggested by Cole et al.
(2018) and Luoranen et al. (2018). These events acted as a series of filtering effects on seedling
survival, the recently transplanted seedlings seeming to be unable to overcome their occurrence
(Grossnickle 2012). Each of these events has a low probability to occur, and when it occurs, it
induces a high mortality rate, making the overall mortality in each experimental site and each year
very difficult to predict.

The idiosyncratic nature of seedling mortality during the first year contrasts with the mortal-
ity over four years, which usually shows gradual responses. In our study, treatment effects after
four years were quite similar among experimental sites. During this period, adverse events also
occurred but they had a lower impact than in the first year and, as a consequence, they acted in
a cumulative way on seedling survival. Once the seedlings establish and manage to adapt to the
forest ecosystem, most of them are usually able to survive the individual adverse events. Seedling
survival then becomes more closely correlated to overall treatment and environmental conditions
(Pinto et al. 2011).

From an experimental perspective, our results clearly illustrate the difficulty to obtain a
robust prediction of first-year seedling mortality in relation to MSP methods and experimental
site characteristics. Such a goal would require a very large number of experimental site and year
replicates and would lead to predictions with large confidence intervals (Sikstrom et al. 2020). On
the contrary, survival after a period of three to five years is a good indicator of the performance of
MSP methods, and robust estimations may be obtained by measuring a small number of experi-
mental site or year replicates.
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4.4 Conclusion and perspectives

Our study shows that lightweight MSP tools that provide intensive localised preparation perform
well in sites where highly competitive and deep-rooted species such as P. aquilinum and M. caerulea
may limit seedling establishment and growth, especially for pine species. In these site conditions,
there is currently no effective vegetation management method: conventional MSP methods do
not provide an effective vegetation control and, in many countries, herbicides are prohibited. Our
study shows that the lightweight tools provided better vegetation control than conventional MSP
methods (disk harrow, mouldboard plow), consistent with our first hypothesis (H1). In keeping
with our second hypothesis (H2), seedling growth and survival after four growing seasons were
considerably improved when combining the two lightweight tools (treatments DS+MS) compared
to untreated control or to conventional MSP methods (disk harrow, mouldboard plow). However,
contrary to the hypothesis (H2), the deep scarifier (treatment DS) did not always lead to better
seedling performances than the conventional MSP methods that were tested. Finally, according
to our third hypothesis (H3), pine seedling responses to MSP treatments were more pronounced
than oak seedling responses.

The effective performances of the tools with regard to seedling establishment and growth are
also associated with disturbances in soil properties in the seedling vicinity (removal of the upper
soil layers, decompaction of deeper soil horizons and, in the mounding treatment, displacement of
soil volume to create the mound), like for any MSP method. Such disturbances may affect long-
term soil chemical and physical properties (Sutinen et al. 2019) and should be kept to a minimum
to maintain the ecosystem services provided by forest soils (Scott et al. 2014). Lightweight tools
may be used for intermittent or spotted soil preparation, which limits the disturbed area in the stand
(Sikstrom et al. 2020). The issue is then to determine how much of the area around the seedlings
should be prepared to allow rapid seedling establishment and growth while limiting the overall
soil disturbance induced by MSP estimated at stand scale. The choice of a MSP method should be
made according to several criteria, including the cost of operations and their impacts on the envi-
ronment. More investigations are presently required to evaluate the economic and environmental
performances of lightweight MSP tools, in addition to their impacts on seedling growth and survival
in order to provide a complete evaluation of tool performances.
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