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Abstract
Survival of planted seedlings following a regeneration harvest can be challenging and early interventions through silvicultural treatments may be 
required for successful stand establishment. We tested the influence of soil amendment (biochar plus compost, compost-only, or control) and 
vegetation control (VC; applied either initially or annually for five years using brush saws) on the growth and survival of jack pine at three sites in 
northern Minnesota. Application of the biochar plus compost soil amendment increased seedling survival by 30% relative to the control in the 
first year, but there was no significant difference in survival among soil amendment treatments after five years. Both soil amendments increased 
diameter growth relative to the control (14% increase with biochar plus compost, 10% increase with compost only), with most of the biochar 
plus compost effect attributed to the compost. Annual VC increased diameter growth by 17% relative to initial VC, but overall effects on survival 
and growth were generally small relative to reported effects of VC via herbicide. The limited short-term influence of biochar and manual VC on 
growth and survival of jack pine indicates that these practices are likely not an effective means to increase jack pine establishment, but other 
benefits (e.g., increased carbon storage) may become apparent with time.

Study Implications: Emerging changes to forest conditions and climate are likely to create challenges for successful regeneration in even-aged 
silvicultural systems. Early interventions such as application of soil amendments and vegetation control may be required to increase seedling 
survival. However, our findings indicate that biochar application and manual vegetation control were not very effective at increasing survival and 
growth of planted jack pine seedlings across a range of site conditions in northern Minnesota. Further study is warranted to determine whether 
other biochar application rates and techniques or other forms of vegetation control are more effective for successful jack pine establishment.
Keywords:   regeneration, drought, weed control, brush saws, compost

Successful establishment of tree regeneration following 
stand replacing disturbances is becoming more challen-
ging as managers must address new threats associated with 
a changing climate (e.g., drought), altered disturbance re-
gimes, the spread of invasive species, and the numerous 
interactions among them (e.g., North et al. 2019, Palik et al. 
2021). In Minnesota, USA, one species that managers are 
actively trying to plant and restore across the landscape is 
jack pine (Pinus banksiana Lamb.) (Windmuller-Campione 
et al. 2019) because it is ecologically and commercially im-
portant; jack pine’s extent has been greatly reduced since 
European colonization (approximately 60% remaining; 
Frelich 2002). Jack pine is prominent in north-central for-
ests of the Great Lakes Region (GLR) of the United States 
(Minnesota, Michigan, Wisconsin) and Canada (Ontario) 
where it occurs on outwash, coarse sandy soils which are 
a common soil type of the region (Anderson et  al. 1999). 
Jack pine is a shade-intolerant pioneer tree species that is 
well adapted to fire because it has serotinous cones with 
high seed germination on exposed mineral soils coupled 

with high survival when competition is reduced after fire 
(Smirnova et al. 2008).

In a recent survey of natural resource managers in 
Minnesota, jack pine was rated as the most difficult species to 
regenerate (Windmuller-Campione et al. 2019), possibly be-
cause of suppression of natural fire regimes and limited use 
of prescribed fire during site preparation activities. Predicted 
increases in drought frequency and duration during the grow-
ing season within the GLR are likely to make successful re-
generation of jack pine even more difficult (Handler et  al. 
2014). There is a need to evaluate alternative silvicultural 
tools to increase survival and resilience of jack pine following 
planting under current and changing climatic conditions.

Jack pine is generally considered a drought tolerant species, 
but drought-related mortality during the initial years after 
planting is common because root systems are poorly devel-
oped (Grossnickle 2012) and associated soils generally have 
very low water holding capacity (e.g., coarse-textured sands). 
Practices that increase the availability of water and other 
growth-limiting resources, such as application of soil amend-
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ments at time of planting, may lead to increased survival 
and growth. One promising amendment to increase resource 
availability is biochar, a bio-based product obtained during 
thermal decomposition of organic matter in a low-oxygen  
environment, which is similar to charcoal (Lehmann and 
Joseph 2015). Biochar has characteristics that can increase 
water and nutrient availability in soils, including high carbon 
content, high surface area and pore space, and high cation ex-
change capacity (Sohi et al. 2010, Page-Dumroese et al. 2017, 
Edeh et al. 2020). Because of its high capacity to sorb avail-
able nutrients, it is often applied in combination with other 
nutrient amendments (e.g., compost) to ensure that nutrient 
availability is not decreased following application.

Biochar has been used for centuries in tropical environments 
to increase soil productivity (Lehmann et al 2003, Sohi et al. 
2010, Lehmann and Joseph 2015), and many studies have dem-
onstrated its utility in modern agricultural production systems 
(Spokas et  al. 2012, Biederman and Harpole 2013). Biochar 
also has potential for use in forest ecosystems (Page-Dumroese 
et al. 2017), but findings from existing studies are not consist-
ent. Both Sherman et al. (2018) and Sarauer et al. (2019) found 
limited effects of biochar application on midrotation growth 
in mixed stands following thinning in the Intermountain West, 
USA. In contrast, Palviainen et al. (2020) observed ~10%–20% 
increase in growth in Scotch pine (Pinus sylvestris L.) stands 
in Finland growing on relatively poor-quality sites, where ef-
fects may be expected to be more pronounced (El-Naggar et al. 
2019). Using metanalysis, Thomas and Gale (2015) concluded 
that tree response to biochar is more evident in tropical than 
temperate regions and higher in broadleaf species than coni-
fers. Varied response to biochar application is likely also a 
result of differences in biochar type (feedstock type, pyroly-
sis conditions, etc.) and their influence on water and nutrient 
availability (Xiapu et al. 2014, Ippolito et al. 2020) in combin-
ation with variations in existing soil properties that may medi-
ate the response (Streubel et al. 2011, Aller et al. 2017, Edeh 
et al. 2020). The applicability of the above findings to recently 
planted jack pine is unclear, underlying a need to evaluate the 
effects of biochar on jack pine survival and growth across a 
range of site conditions (Li et al. 2018).

A more common practice to increase seedling survival 
and growth is the use of competing vegetation control (VC), 
which increases resource availability (light, water, and nutri-
ents) to the target species (Harrington and Tappeiner 1991, 
Dinger and Rose 2009). Vegetation control is generally very 
effective at increasing survival and growth across a wide 
range of site and climate conditions (Walstad and Kuch 1987, 
Fleming et  al. 2006, Wagner et  al. 2006), but effectiveness 
is greatest at sites where available resources are low (e.g., 
coarse textured, low fertility soils; Harrington et  al. 2020). 
Wagner and Robinson (2006) reported increased volume of 
117% (relative to controls) in jack pine after five  years of 
VC, but no significant effect on survival. In a longer study, 
Fleming et al. (2018) also found beneficial effects of VC that 
diminished with time (from 10 to 20 years), but with slight 
negative effects on survival that were attributed to indirect 
effects of vegetation removal on the microenvironment. The 
above studies focused on VC via use of herbicides, which is 
the predominant form of VC used in operational practice, 
but there has been increased interest in using other means 
to control vegetation because of policies or negative percep-
tions against the use of herbicides (Thiffault et al. 2012). The 
relative efficacy of alternative weed control methods, such as 

mechanical removal with brush saws (Jobidon and Charette 
1997), is generally variable and dependent on characteristics 
of the competing vegetation (e.g., herbaceous versus woody). 
Although there has been extensive work on the influence of 
VC on forest establishment, there are no studies of which we 
are aware that explore the potential interactions of biochar 
and VC.

The overarching goal of our study was to evaluate methods 
to increase the survival and early growth of jack pine. 
Specially, our objective was to assess whether short-term 
(five years) survival and growth of planted jack pine seedlings 
on sandy, nutrient poor soils is influenced by soil amendment 
or VC treatments. We hypothesized that there would be bene-
ficial effects of both biochar application and annual VC on 
survival and growth, with greatest benefits achieved when 
these practices were applied in tandem.

Methods
Study System
The experiment was conducted in the Superior National Forest 
(SNF) located in northeastern Minnesota in the Laurentian 
mixed forest province. Jack pine forests currently cover ap-
proximately 2% of forested land in Minnesota (~140,000 ha), 
which is a significant decrease from its extent prior to European 
colonization and lumber exploitation (Miles 2017). Jack pine 
is a minor component in numerous pine and hardwood forest 
types within Minnesota and the GLR, providing valuable eco-
logical and economic resources (Benzie 1977). Historically, fire 
was a major form of disturbance in jack pine forests, with low 
intensity, high frequency fires that decreased competition and 
aided mineral soil exposure and heat for natural regeneration 
of jack pine (Cayford and McRae 1983). Management within 
the SNF is currently focused on restoring jack pine via planting 
(SNF 2004). The climate is continental, with a mean annual 
growing season temperature of 15°C and annual precipitation 
of approximately 700 mm (Slesak 2013). During the growing 
season (May–Sept.) of the project period (2016–2020), mean 
monthly temperature was 18.1°C and mean monthly precipi-
tation was 26 mm (PRISM Climate Group). Soils in the region 
are glacially deposited, typically shallow unsorted glacial till 
underlain by Precambrian sedimentary bedrock.

Three sites were selected from a pool of sites identified for 
planting by the SNF (Table 1). Our study represents a small 
portion of the overall number of stands being regenerated 
on the SNF. We nonrandomly selected sites that had suit-
able access and relatively uniform conditions (soils, topog-
raphy, preharvest stand composition). The three sites varied 
in preharvest stand composition and postharvest site prep-
aration practices related to slash management (Table 1). The 
associated slash practice of a given site was uniformly applied 
and soil disturbance after site preparation was low. Soils were 
typical for the region, being generally coarse textured, well 
drained, and low in carbon and nutrients (Table 1).

Experimental Design
At each site, jack pine seedlings (2-0 bare root) sourced 
from the Minnesota Department of Natural Resources were 
planted in May of 2016 in a 2 × 3 m grid (2 m between trees 
within a row, 3 m between rows) using a randomized factor-
ial design with two factors. The first factor was soil amend-
ment with three levels: biochar plus compost (1 l mix with 
equal parts biochar and compost mixed immediately before  
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planting), compost-only (0.5 l), and a no amendment control. Our  
primary focus was to determine the effect of the biochar; the 
compost was included in treatments because application of 
raw biochar can reduce nutrient availability (Brtnicky et al. 
2021), which could confound interpretation of any response. 
Amendments were applied by placing the material at the base 
of the planting hole (using a planting bar; hole was ~20 cm 
deep) and then backfilling with native soil. At time of plan-
ting, the biochar and compost were moist. Treatment applica-
tion rates and techniques are similar to those used by Richard 
et al. (2017) because this is one option that could be applied 
during operational reforestation efforts. Planting locations 
were located away from any residual overstory trees to min-
imize variations in the light environment.

Biochar was produced by Biochar Solutions (LaFayette, 
CO) using gasification of Rocky Mountain lodgepole pine 
(Pinus contorta Doug.) in a low-oxygen environment for 5 
minutes at 600°C. Biochar characteristics are shown in Table 
2. Compost was formed from manure, sourced from a com-
mercial supplier, and contained 0.5% nitrogen, 0.5% phos-
phorus, and 0.25% potassium by mass. The second factor 
was VC at two levels (either initial VC or annual VC appli-
cation). All seedlings received initial VC in July 2016, and 
those assigned to the annual VC treatment received treat-
ment two times (generally in May and July) during each of 

the subsequent growing seasons. VC was manually applied 
with motorized brush saws (Stihl model FS 250) which were 
used to remove all aboveground vegetation within an area 
of 2.25 m2 centered on each tree. Manual VC methods were 
used, as this is the method of VC commonly used on the SNF 
and there is interest in quantifying its efficacy. Each of the 
treatment combinations were replicated 15 times at each site 
(n = 270 across all sites).

All seedlings were protected from deer browse using mesh 
tubing (Rigid Seedling Protector Tubes, Forestry Suppliers) 
held in place with bamboo stakes. Seedlings that suffered 
mortality in the first growing season (2016) were replanted 
during the spring of 2017 using the same stock type and nur-
sery source. At the time of planting, the height (nearest cm) 
and basal diameter (two dimensions measured with calipers 
to nearest 0.01 cm) of each seedling was recorded. After the 
seedlings hardened at the end of each subsequent growing 
season (mid-October), mortality status was recorded and 
heights and basal diameters were measured. Annual growth 
was determined by subtracting the previous measurement 
from the most recent measurement.

Analysis
Data from the three sites were pooled for all analyses. 
Treatment effects on seedling survival at one and five years 
were assessed for the initial cohort that survived (i.e., no 
replants were included); these two time periods were used 
in the analysis because they represent two common time 
periods where natural resource managers would assess re-
generation. Treatments were analyzed with a mixed effects 
model using site-level means for each treatment (n  =  3 for 
each treatment across sites), with site coded as a random ef-
fect and soil amendment, VC, and the interaction between 
amendment and VC coded as fixed effects. Visual inspection 
of the residuals indicated assumptions of normality were met. 
Treatment effects on growth were also assessed with a mixed 
effects model (n = 45 for each treatment across sites) with site 
coded as a random effect and soil amendment, VC treatment, 
time, and their interactions coded as fixed effects. Repeated 
measures analysis was incorporated in the model to account 
for serial correlation using an AR(1) covariance matrix and 

Table 1.  Site characteristics and soil chemical properties from 0 to 30 cm depth for the three biochar study sites (Standard error in parenthesis, n = 4).

Characteristic or property Site 1 Site 2 Site 3

Location (lat., long.) 47.669101, −92.811013 47.603004, −92.805684 47.602057, −92.808743

Preharvest cover type Jack pine Quaking aspen, white spruce Quaking aspen

Site-preparation practice Burned Scattered slash Piled slash

Stand size (ha) 8.10 4.82 4.50

NRCS soil series Graycalm-Biwabek complex Beargrease Greatscott-Nashwauk -Balkan complex

Texture a Loamy sand Very stony loam Stony loam

Drainage class a Excessively drained Well drained Well drained

C (%) b 0.69 (0.21) 1.75 (0.37) 1.10 (0.25)

N (%) b 0.03 (0.01) 0.10 (0.02) 0.06 (0.01)

Ca (mg kg−1) b 176 (73) 523 (194) 315 (61)

K (mg kg−1) b 30 (5) 106 (46) 56 (12)

Mg (mg kg−1) b 18 (5) 79 (22) 76 (19)

P (mg kg−1) b 1.5 (0.2) 1.9 (0.3) 2.1 (0.3)

a From NRCS official series descriptions of associated units
b From soil samples collected at each site from three locations per site

Table 2.  Biochar characteristics.

Property Value Property Value

Organic C (%) 66.8 Bulk density (g cm−3) 0.33

Hydrogen:carbon 0.32 Particle size:  

Total ash (%) 26.4 4–8 mm (% of total) 1.4

Volatile matter (%) 18 2–4 mm (% of total) 11.1

pH 7.8 1–2 mm (% of total) 15.2

Total N (%) 0.56 0.5–1 mm (% of total) 22.9

Total P (mg kg) 3120 <0.5 mm (% of total) 49.4

Total K (mg kg) 580   

* Analyses conducted by Control Laboratories, Watsonville, CA, USA.
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initial height or diameter were used as covariates. Diameter 
and height data were log-transformed to meet assumptions of 
variance normality; values were back transformed for pres-
entation and are therefore estimates of the median. When 
ANOVA results indicated significant treatment effects, mul-
tiple comparisons with Tukey’s adjustment were conducted 
to determine what treatments differed. An alpha level of 0.05 
was used to determine significance in all tests. All analyses 
were conducted in SAS V9.4.

Results
Survival
Seedling survival was low across all sites, with a mean of 
48.5% survival across all treatments in the first year after 
planting. There was a significant effect of soil amendment on 
first year survival, but no effect of VC and no interaction be-
tween the treatment factors (Table 3). Survival was signifi-
cantly higher in the biochar plus compost treatment relative 
to the control (diff. = 30%, ±8.2%; adj. P = 0.012, Table 4), 
but there was no difference between the biochar plus com-
post and compost-only treatments (adj. P  =  0.105). After 
five years, survival was much lower overall across all sites and 
there were no differences among soil amendment treatments 
(Tables 3 and 4). There was no effect of VC treatment on sur-
vival at either one or five years (Tables 3 and 4). Examination 
of site level treatment means indicated that all sites responded 
in a similar manner as described above (data not shown).

Growth
Across all sites, planted seedlings had initial diameter of 5.1 cm 
(sd  =  1.6  cm) and initial height of 23.9  cm (sd  =  7.2  cm). 
ANOVA results indicated that initial diameter and height had 
significant effects on diameter and height growth during the 
project period (Table 5). There were significant main effects 
of both soil amendment and VC on diameter growth across 
all sites, with no interaction between the factors or with time. 
Note that individual sites responded in a similar manner (see 
the Supplemental Material for site-specific ANOVA tables). 
For the soil amendments, both biochar plus compost and 
compost-only treatments had greater diameters than the con-
trol treatment, where biochar plus compost increased diameter 
by 1.34 cm (an increase of ~14% relative to control; Figure 1)  
and compost-only increased diameter by 0.94 cm (~10% rela-
tive to control). For the VC treatment, diameter in the annual 
VC treatment was 1.64 cm greater than the initial VC treat-
ment (an increase of ~17% relative to initial VC). There was 
no difference in diameter between the biochar plus compost 
and compost treatments. For height, there was a significant 
effect of amendment on growth but not VC and there was 

no interaction between the factors or with time (Table 5). 
The biochar plus compost treatment had significantly greater 
height growth than the control treatment (by 6.9 cm or ~15% 
relative to control), but no difference with the compost-only 
treatment (Figure 1).

Discussion
Successful establishment of regeneration in forest ecosys-
tems following disturbance is likely to become increasingly 
challenging as disturbances become more varied and severe 
(e.g., following pest outbreaks or intense wildfire) and cli-
mate conditions less suitable for seedling survival (e.g., ex-
treme drought events) (McKenney et al. 2009, Duveneck et al. 
2014). Because of this, forest managers may need to invest 
more time or resources in silvicultural strategies during the 
establishment phase to increase survival and growth of newly 
planted seedlings, including the use of soil amendments and 
VC (Clark et al. 2016). Biochar is a promising amendment for 
jack pine because it has potential to mimic some of the effects 
of charcoal inputs on soil properties that are associated with 
the fires common to jack pine ecosystems (Licht and Smith 
2020). Here, we found that application of biochar plus com-
post and compost-only caused modest increases in jack pine 
growth and survival over a period of five years after planting 
across three sites that spanned a range of operational condi-
tions. In contrast, the effects of VC were limited to an increase 
in diameter growth with annual VC compared with initial VC 
only. We examine these responses and implications in more 
detail below.

Treatment Effects on Survival
Jack pine survival was generally low regardless of treatment, 
averaging just ~50% across the three study sites after the first 
year of planting. For context, other studies report survival 
rates of jack pine between 70–95% (Wagner and Robinson 
2006, Fu et al. 2007, Fleming et al. 2018). The low survival 
we observed is likely a combination of soil conditions (low 
water holding capacity; Table 1) and low precipitation in the 
year of planting (R. Slesak, personal observation), which, in 
combination, would have greatly increased drought stress of 
the seedlings. These conditions are already common on sites 
with sandy, outwash soils and the impact to trees is likely to 
become more prevalent in the future as drought events in-
crease in occurrence and severity (Winkler et al. 2012, Tam 
et al. 2018).

Table 3.  F statistic probabilities for fixed treatment effects on one- and 
five-year site-level survival.

Effect Numerator  
DF

Denominator  
DF

One-
year 
P-value

Five-
year 
P-value

Amendment 2 10 0.014 0.060

Vegetation 
control (VC)

1 10 0.131 0.291

Amend*VC 2 10 0.965 0.955

Table 4.  Mean survival of jack pine seedlings at the site level one and 
five years after planting. Means within a treatment factor containing 
different letters are significantly different (standard error in parenthesis, 
n = 3).

Treatment One-year survival (%) Five-year survival (%)

Soil amendment

Biochar + compost 62.2 (4.1) b 35.6 (3.7) a

Compost only 51.1 (7.0) ab 38.9 (7.8) a

None 32.2 (6.7) a 20.0 (3.85) a

Vegetation control

Annual 42.9 (6.0) a 28.2 (4.0) a

Initial 54.1 (6.4) a 34.8 (6.0) a
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Table 5.  F-statistics probabilities for fixed effects of treatment on diameter and height growth.

Effect Numerator DF Denominator DF Diameter P-value Height P-value

Covariate 1 892 <0.001 <0.001

Amendment 2 892 0.001 0.003

Vegetation control (VC) 1 892 <0.001 0.498

Amend*VC 2 892 0.080 0.197

Year 4 892 <0.001 <0.001

Amend*year 8 892 0.142 0.456

VC*year 4 892 0.053 0.520

Amend*VC*year 8 892 0.600 0.678

* Analysis conducted across sites, but all sites responded in a similar manner (See Supplementary Material)

Figure 1.  Effects of soil amendment and vegetation control on median annual diameter (upper panel) and height (lower panel) growth of jack pine 
seedlings during the five-year study period. Treatments within each factor containing different letters are significantly different (error bars are standard 
error of the mean).
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The significant increase in survival with biochar plus com-
post addition in the first year after planting was large relative 
to control. Given the similarity in survival between the com-
post only and biochar plus compost amendments (Table 3), we  
attribute much of this effect to the compost rather than the 
biochar. Similar nonsignificant patterns at the end of the 
study support this, as the compost-only treatment had higher 
survival than the biochar plus compost treatment. A positive 
effect of the two soil amendment treatments on survival is 
likely associated with increased water availability to the seed-
lings, as both of these amendments are known to increase soil 
water holding capacity (Liu et al. 2012, Razzaghi et al. 2020), 
and seedling mortality is commonly associated with drought 
stress (Grossnickle 2012). Our application method would 
have enhanced this effect, as the materials were in close con-
tact with tree roots compared with surface applications. The 
lack of significant differences between the compost-only and 
control treatments in year 1 and among all treatments in year 
5 is most likely due to low statistical power arising from the 
low replication (n = 3).

The lack of any effect of VC treatment on survival at one or 
five years aligns with other studies that have reported either 
no or minor effects of VC on jack pine survival. Wagner and 
Robinson (2006) found only a ~10% increase in jack pine 
survival after 10 years after five years of annual VC compared 
with control treatments. In contrast, Fu et al. (2008) found no 
effect of annual VC on jack pine survival after 10 years, and 
Fleming et al. (2018) found a decrease in jack pine survival 
with VC, which was attributed to changes in the microsite 
conditions rather than direct injury from application. The 
above studies all used herbicide for VC compared with our 
use of manual control via motorized brush saws. Given the 
lack of positive response in jack pine survival with VC (herbi-
cide or manual control), factors other than competition are 
likely more critical to consider for survival of planted jack 
pine seedlings.

Treatment Effects on Growth
A number of studies have evaluated the use of organic 
soil amendments to increase growth in forestry applica-
tions, but most studies focus on wood ash application (e.g., 
Emilson et al. 2019) or use of composted sludge or manure 
(Larney and Angers 2012). Only a few have evaluated the 
utility of biochar application, with most of those focused 
on midrotation stand response (e.g., Sarauer et  al. 2019, 
Somerville et  al. 2020). Our results show that biochar-
compost amendments can increase early height and diam-
eter growth of planted jack pine. Given the similarity of 
response between the biochar plus compost and compost-
only treatments on short-term growth, most of this effect 
can be attributed to the influence of compost with only 
minor contribution from the biochar. This finding aligns 
with other studies that have observed limited effects of 
biochar application on tree growth, including studies on 
midrotation stand response (Sarauer et al. 2019, Sherman 
et al. 2018, Somerville et al. 2020), seedling response in the 
field (Glisczynski et  al. 2016), and seedling responses in 
greenhouse or microcosm studies (Robertson et  al. 2012, 
Noyce et al. 2017). The above studies used a wide range of 
biochar application rates and were set in temperate regions 
but were generally limited to assessment of short-term re-
sponses (four  months to ~five  years). In a meta-analysis, 
Thomas and Gale (2015) also noted that most tree-biochar 

studies are short in duration and that effects are limited 
in temperate regions. It is possible that effects on growth 
may become more pronounced with time as jack pine de-
mand for soil resources increases, given the positive effects 
that biochar has on soil properties (Richard et  al. 2017) 
and its long residence time in soil (Spokas 2010). For ex-
ample, Grau-Andrés et  al. (2021) found that biochar in-
creased growth of Pinus sylvestris by 19% after a period of 
nine years at a boreal forest in northern Sweden.

The limited effect of VC on growth was surprising, as 
most studies have shown a large and positive effect of VC 
on tree growth, particularly during the early years of stand 
establishment and when applied continuously over the 
course of multiple years (Wagner 2006, Fleming et al. 2018). 
Wagner and Robinson (2006) reported that jack pine had 
the smallest increase in diameter growth with continuous VC 
for five years compared with red pine (Pinus resinosa Ait.), 
white pine (Pinus strobus L.), and black spruce (Picea mari-
ana Mill.). In that study, jack pine diameter was 39% greater 
with VC relative to control, which is more than double the 
17% we observed in this study. Other studies have reported 
much higher increases in diameter growth for jack pine seed-
lings following continuous VC (200%+; Burgess et al. 2010, 
Fleming et al. 2018). The small diameter response and lack 
of any effect on height in our study may be due to our use 
of manual VC with brush saws, which would have been ef-
fective at removing woody competitors but likely less so at 
herbaceous species, which can be significant competitors for 
water and nutrients (Bell et al. 2000). In a comparison of VC 
techniques, Pitt et al. (2000) found that brush saws and other 
manual methods were much less effective at increasing jack 
pine growth than herbicides, and others have found manual 
methods to be ineffective or suboptimal at increasing tree 
growth compared with herbicides (Thiffault et  al. 2012). 
A limitation of our study was that we were unable to include 
a herbicide treatment for direct comparison with the manual 
VC treatment. Additional research directly comparing these 
techniques for jack pine is necessary to quantify the tradeoffs 
for natural resources managers to consider when developing 
VC practices.

Implications for Operational Application
Although the biochar plus compost treatment in our study 
had marginal influence on short-term growth (diameter or 
height) or survival compared with compost-only for jack pine 
seedlings, the addition of biochar may have other long-term 
benefits related to climate change and ecosystem function. 
Notably, biochar has high potential to increase carbon stor-
age in soils because of its stability and slow turnover time 
compared with other organic matter pools in soil (Spokas 
2010). Because of this, biochar application has been sug-
gested as a possible practice to mitigate the effects of climate 
change, but application of biochar in forested settings is still 
extremely limited because of high costs and limited effects 
on tree growth (Page-Dumroese et  al. 2017, Sarauer et  al. 
2019). Richard et al. (2017) applied biochar using a similar 
technique to ours and estimated that that it would increase 
planting costs by a factor of 20. Given this, and the limited 
effect on survival and growth over the study period, it does 
not seem feasible that biochar could be used operationally 
to increase jack pine seedling establishment unless applica-
tion costs could be reduced (e.g., mechanized application; 
Page-Dumroese et  al. 2016) and new markets or favorable 
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policy for carbon sequestration emerges. It is possible that a 
higher biochar application rate than used in our study or dif-
ferent types of biochar (different feedstocks, pyrolysis condi-
tions, etc.; Ippolito et al. 2020, Huang et al. 2021) could have  
larger positive effects on jack pine establishment and growth. 
Further evaluation is warranted to fully understand biochar’s 
potential as a forest soil amendment.

The effects of annual VC and related implications are  
similar to those discussed above, as the modest increase in 
diameter growth probably does not justify the annual costs 
associated with VC application via brush saws. Although 
manual VC methods may be more acceptable to some than 
use of herbicides, the limited efficacy of brush saws as shown 
here should be considered when developing silvicultural strat-
egies to increase the survival and growth of planted jack pine. 
Other forms of manual vegetation control may be more ef-
fective and should be explored as options for increasing the 
establishment of jack pine.

Despite the limited effects of soil amendments and VC on 
survival and growth of jack pine, these treatments do open the 
door to exploring alternative silvicultural treatments to increase 
successful establishment. Jack pine systems are commonly re-
generated using clearcut harvest to allow for high light levels, 
which are presumed to favor establishment and growth of jack 
pine. However, Benzie (1977) notes the potential need for pro-
tection for seedlings from full sun during the initial years after 
planting. In support of this, Montgomery et al. (2013) observed 
the greatest growth of jack pine with retained dispersed re-
siduals compared with no residuals. Thus, as the timing and 
frequency of drought continue to affect regeneration, natural 
resource managers may need to consider alternative silvicul-
tural treatments, which may include increasing residuals and/or 
planting trees near protective features (e.g., stumps and downed 
wood) in combination with soil amendment or VC treatments.

Conclusion
Our findings indicate that soil amendments can increase sur-
vival and growth of jack pine seedlings in the first five years 
after planting across the range of conditions represented by 
our three study sites. There were limited differences between 
the biochar plus compost and compost-only treatments, 
indicating that compost is the more important component 
for short-term survival and growth. However, adding biochar 
with compost may provide additional long-term benefits 
including carbon sequestration and in our study, biochar did 
not negatively affect survival or growth of jack pine through 
year five. Manual application of annual VC with brush saws 
had no effect on survival and only modest increases in diam-
eter growth over the five-year period. Because of this, annual 
VC with brush saws does not appear to be an effective means 
to increase establishment of planted jack pine. Given the rela-
tive recency of biochar use in forests systems in the GLR and 
interest in using manual VC, additional studies are warranted 
to determine whether these practices can be modified (e.g., 
other forms of manual VC) to improve overall efficacy re-
lated to individual tree species survival and growth, as well as 
broader influence on ecosystem processes.

Supplementary Material
Supplementary material is available at Forest Science online.
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