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Bur oak (Quercus macrocarpa) biomass production on a former
coal mine site: positive effects of coppicing on rapid recovery
of growth and yield
A. Mosseler, J.E. Major, and D. McPhee

Abstract: Ten-year-old bur oak (Quercus macrocarpa Michx.) saplings established on the exposed, infertile, treeless barrens of a
former coal mine site in New Brunswick, Canada, were harvested to assess the effects of subsequent coppicing on regrowth
parameters and biomass production. Two years after harvesting, coppice height growth exceeded that of the original 10-year-old
saplings by 20%. Mean stem numbers were 1.2 and 6.7 for 10-year-old and coppiced trees, respectively. Mean dry mass recovered
after 2 years with 214, 112, and 207 g for 10-year-old saplings and the 1- and 2-year-old coppices, respectively. Site quality of the
broken shale rock overburden was similar across four of the five sites, with the exception that one site had twice the soil nitrogen
(N) at 0.123% than the other four site types, which had an average of 0.064% N. This high N site had 2.3-fold the productivity of
the mean for the other four sites. Mean coppice stem height showed the strongest predictive relationship to total coppice dry
mass when compared with the greatest stem height, greatest or mean stem basal diameter, or coppice stem number. The most
dramatic result of this bur oak coppicing experiment was the rapid recovery of height growth, biomass production, and
observable stem quality within coppices over the 2-year period following harvesting of the original, 10-year-old saplings.

Key words: biomass production, bur oak, coppicing effect, mine reclamation, soil quality.

Résumé : De jeunes tiges de chêne à gros fruits (Quercus macrocarpa Michx.) établies sur des terrains infertiles, exposés et
dépourvus d’arbres sur le site d’une ancienne mine de charbon du Nouveau-Brunswick, au Canada, ont été récoltées pour évaluer
les effets d’un recépage subséquent sur les paramètres de la repousse et sur la production de biomasse. Deux ans après la récolte,
la croissance en hauteur des rejets dépassait de 20 % celle des gaules originales âgées de 10 ans. Le nombre moyen de tiges atteignait
1,2 chez les arbres âgés de 10 ans et 6,7 dans le cas des rejets. La masse anhydre moyenne avait récupéré après deux ans, avec
respectivement 214, 112 et 207 g pour les gaules âgées de 10 ans, et les rejets âgés d’un et de deux ans. La qualité de station sur des morts
terrains de schiste brisé était similaire pour quatre des cinq stations, excepté une station où la quantité d’azote (N) atteignait le double
de celle contenue dans le sol des quatre autres stations, soit 0,123 % comparativement à une moyenne de 0,064 % de N. Cette station
riche en N avait une productivité 2–3 fois plus élevée que la moyenne des quatre autres stations. La hauteur moyenne des rejets était
le plus étroitement reliée à la masse anhydre totale comparativement à la hauteur maximum de la tige, au diamètre moyen ou
maximum à la base de la tige ou au nombre de rejets. Le résultat le plus remarquable de cette expérience de recépage du chêne à gros
fruits est la récupération rapide de la croissance en hauteur, de la production de biomasse et de la qualité évidente de la tige des rejets
au cours des deux années qui ont suivi la récolte des gaules âgées de 10 ans. [Traduit par la Rédaction]

Mots-clés : production de biomasse, chêne à gros fruits, effet du recépage, restauration minière, qualité du sol.

Introduction
Coppicing is an ancient form of forest management that relies

on regeneration from stem sprouting at the root collar following
the removal of aboveground biomass (see del Tredici 2001). Under
natural conditions, coppice stems result following natural or ar-
tificial disturbances such as fire, wildlife browsing, or forest har-
vesting (Pyttel et al. 2013; Monteiro-Henriques and Fernandes
2018). This method of forest regeneration fell into disuse and dis-
repute across much of Europe following the 1800s, largely because
professional foresters believed coppicing produced poor quality
stems for timber production (Vild et al. 2013; Mullerova et al. 2014,
2015; Martin et al. 2015; Vrska et al. 2016). However, coppicing has
recently experienced renewed interest for maintaining forest
cover and habitat on exposed or dry, infertile sites, particularly in
mountainous terrain subject to erosion in the absence of forest
cover (Svátek and Matula 2015; Vrska et al. 2016; Stojanović et al.

2017), and because of recent interest in renewable bioenergy
(Pyttel et al. 2013). The ability of coppiced plants to better with-
stand drought or soil infertility than newly planted seedlings is
based on the simple premise that the intact root system of a
well-established, older plant is more resistant to the adverse ef-
fects of drought than the root system of a young, newly planted
seedling. This may be especially true on the infertile, exposed,
treeless, rocky barrens of the former Salmon Harbour coal mine
site in New Brunswick (NB), Canada, where bur oak was planted
for the present study.

Although coppicing of upland hardwoods has not been promi-
nent in North American silviculture, it has been used for oak
management in the southern Appalachian Mountains where
early, rapid height growth gives stump sprouts a competitive
advantage over artificially established seedlings (Lockhart and
Chambers 2007). Coppice management in some parts of North
America may also be experiencing a renaissance as an alternative
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to clearcutting followed by tree planting (Atwood et al. 2009). In
China, coppicing has been an important forest management tool
for several native oak species in mountainous terrain (Fang et al.
2011; Xue et al. 2013). With increasing concern about the effects of
climate warming and drought on successful forest regeneration
and survival of oak forests and associated biodiversity (Gentilesca
et al. 2017; Kotlarz et al. 2018; Monteiro-Henriques and Fernandes
2018; Perkins et al. 2018), silvicultural systems based on coppicing
may become more important in maintaining oaks, especially at
the limits of their range with respect to drought.

In North America, bur oak (Quercus macrocarpa Michx.) is pre-
dominantly a temperate zone species ranging from southern
Saskatchewan to a geographically disjunct population in south-
eastern NB and across the central and eastern United States (US),
reaching as far south as Texas (Johnson 1990). In Canada, bur oak
occurs under a wide range of soil fertility and moisture condi-
tions, and at the northernmost limits of its range, it can be found
on shallow, droughty soils (Farrar 1995). In NB, bur oak occurs as
small, isolated forest remnants, often associated with floodplain
forests, an atypical habitat, and thus was probably established by
Mi’kmaq and Maliseet First Nations people as they travelled along
the major river systems of eastern Canada (McPhee 2001; McPhee
and Loo 2009). Currently, bur oak is primarily found in the
Grand Lake Basin of southeastern NB (Hinds 1986), which also
contains the Salmon Harbour coal mine spoils where bur oak
was planted for land-reclamation purposes. This region has the
warmest climate in NB, with an annual growing degree-day
(temperatures > 5 °C) regime that can exceed 1800. Although
NB genotypes were not included in their sample of a range-wide
study of isozyme variation, Schnabel and Hamrick (1990) found
that genetic diversity levels in bur oak were comparable with
levels in other oak species, and similar levels of genetic diver-
sity were confirmed by McPhee (2001) for the disjunct NB pop-
ulation of bur oak.

Soil and site characteristics can influence growth, stem-
sprouting ability, and coppice formation in oaks (Gracia and
Retana 2004). According to Johnson (1990), bur oak sprouts vig-
orously following burning or cutting of smaller saplings or trees,
but the growth response of coppice production has not been quan-
tified. Atwood et al. (2009) reported significant variation in sprout-
ing ability among several North American oaks, including red
oak (Quercus rubra L.), chestnut oak (Quercus prinus L.), black oak
(Quercus velutina Lam.), scarlet oak (Quercus coccinea Münchh.), and
white oak (Quercus alba L.) in southern Appalachian forests, but
little information is available from the literature on either coppic-
ing response or biomass production in bur oak. However, stem
sprout development and biomass production following coppicing
were assessed specifically for bioenergy purposes in an oak species
native to China (Fang et al. 2011). Currently, coppicing is largely asso-
ciated with production of woody biomass for bioenergy from short-
lived hardwood species such as poplars (Populus spp.) and willows
(Salix spp.), where the aim has been to maximize wood volumes on
very short cutting cycles of 1–3 years (Labrecque and Teodorescu
2005; Volk et al. 2006; Mosseler et al. 2014b). Coppice structure has
an influence on overall productivity. There are often trade-offs
between number of stems and mean stem height or basal diame-
ter (Mosseler and Major 2016); however, in taller, longer-lived, and
higher value trees such as oaks, coppicing can change the vertical
structure of forests, affecting habitat quality for wildlife, includ-
ing bird species using tree crowns and forest cover (Fuller and
Henderson 1992; DeGraaf et al. 1998; Beskardes et al. 2017).

The putative drought tolerance of bur oak (Johnson 1990;
Gilman and Watson 1994) suggested that this species might be
useful for reclaiming large areas of highly disturbed mine spoils
from surface coal mining operations that cover hundreds of
square kilometres near Minto, NB, Canada. The shale rock over-
burden at the former Salmon Harbour coal mine is characterized
by the low fertility common to many of the coal mine spoils across

the Appalachian region of eastern North America, typified by a
lack of organic matter and low nitrogen (N) and phosphorus (P)
content (Zipper et al. 2011; Mosseler et al. 2014a, 2014b). We were
interested in how site variability on a dry, infertile shale overbur-
den might affect stem sprouting and coppice regrowth in 1- and
2-year-old coppices following harvesting of 10-year-old saplings of
bur oak. We hypothesized that (i) coppiced bur oak would reach
between 50% and 80% of the growth achieved by 10-year-old sap-
lings within 2 years after harvesting of the saplings, (ii) site differ-
ences could affect coppice regrowth, and (iii) by quantifying variation
in coppice response in terms of height and diameter growth, coppice
stem number, biomass yield, and their interrelationships, we could
provide simple, yet robust, nondestructive aboveground biomass es-
timation.

Materials and methods
This study was conducted at the Salmon Harbour coal mine

spoils, a property operated by NBCoal Ltd., a subsidiary of the local
electrical power utility, NBPower (46o07=N, 66o05=W). Seeds for
the bur oak planted at Salmon Harbour were collected in 2005
from 21 trees representing seven of the eight remaining bur oak
stands in NB (McPhee 2001). Seeds were overwintered at 3 °C and
then germinated in March 2006. The germinated acorns were
transplanted to containers with a cell volume of 320 cm3 contain-
ing a 2:1:1:2 mixture of peat, loam, aggregate, and perlite, respec-
tively, in May and planted on the mine site in June 2006. Seedlings
were planted with their root ball intact at a spacing of approxi-
mately 5 m, but planting spots were selected based on ease of
planting amidst the rocks that dominated the site rather than a
set planting grid. Seedlings were first assessed for survival and
growth performance in June 2008 (2 years after establishment), at
which time they had attained an average height of 34.4 cm and an
average root collar diameter of 4.8 mm and had a very high sur-
vival rate of 99.3% (298/300 seedlings alive at age 2 years).

Seedlings were established in 10 groups of 25 seedlings per
group (see map in Fig. 1) with each 25-tree group or block within a
site type separated by distances ranging from 12 m to 90 m, with
an average of 38 m. The 10 blocks were separated into five differ-
ent site types based on physical proximity, aspect, and similarity
of the blocks to test for the effects of site differences on growth
and coppice biomass traits. Site 5 contained only one block (or
replicate) of 25 bur oak saplings, because it was spatially separated
and distinct for its high soil N content from the other four sites
assessed in our ANOVA. The five different site types all consisted
of similar broken shale rock overburden, the result of landscaping
by heavy equipment following cessation of surface coal mining
operations in 2005.

After leaf fall in November 2015, in their 10th growing season
after establishment, 10 seedlings from each of the 10 groups of
25 trees were randomly selected and labeled. The number of
stems was counted, and the dominant stem per sapling was mea-
sured for height to the nearest 1.0 cm; basal stem diameter at the
root collar was measured to the nearest 1.0 mm, and mass of the
leafless aboveground green mass was measured to the nearest
1.0 g following harvesting at the root collar. A single 20 cm stem
section removed from the centroid of the dominant stem of each
of the 10 harvested saplings in each of the 10 groups of 25 seedlings
was weighed to obtain the green mass (g) to determine percent
moisture content. This bulked sample of 10 stem sections was
dried in an oven for 5 days at 105 °C, at which point, the oven-dried
mass of the stems had stabilized and was measured to the nearest
1.0 g. This dry mass measurement was used to calculate the oven-
dried biomass of each harvested plant from each of the 10 har-
vested groups (or blocks in the ANOVA).

After leaf fall in November 2016, the number of coppice stems
arising from the root collar of the 10-year-old saplings that had
been harvested the previous year (November 2015) was counted
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on five randomly selected coppiced plants from the 10 harvested
at each block of 25 saplings. The green mass of the coppiced stems
was weighed to the nearest 1.0 g. The height and stem basal diam-
eter of up to six of the tallest coppice stems were measured. A
20 cm stem section was removed from the centroid of the three
largest coppice stems from each of the five harvested coppice
plants, and the bulked stem sample was weighed to the nearest
1.0 g to determine percent moisture content. The same process
described above was used in the November 2017 harvest of the five
remaining 2-year-old coppiced plants from each of the 10 blocks
(groups of 25 seedlings).

In November 2016, three soil samples were collected to a depth
of 15 cm from each of the five site types for a soil analysis (Table 1).
Soil analyses were conducted by the Laboratory for Forest Soils
and Environmental Quality at the University of New Brunswick in
Fredericton, NB, according to McKeague (1978) as follows: avail-
able P, #TP-CSS-MSSA 4.41 (sodium bicarbonate extraction); ex-
changeable cations, #TP-CSS-MSSA 4.5, FCMM 15 (ammonium
acetate extraction); pH, #TP-CSS-MSSA3.13 (pH in 1:1 water);
texture, #TP-CSSMSSA 2.12 (hydrometer method); and organic
matter, N, carbon (C), and sulfur (S), #TP-LFIM (total C by LECO
induction furnace).

Biomass traits (e.g., stem height, stem basal diameter, coppice
stem number, and oven-dried mass of aboveground leafless plant
biomass) were subjected to analysis of variance (ANOVA). Plant
form (10-year-old sapling, 1-year-old coppice, and 2-year-old cop-
pice) and site type were considered fixed effects. Blocks of 25 trees
were considered as random effects nested within site type. The
following model describes the ANOVA:

Yijkl � � � Bi(j) � Sj � Fk � SFjk � eijkl

where Yijkl is the dependent plant trait of block i (25-tree group) of
site type j of plant form k (10-year-old saplings and 1- and 2-year-old
coppiced plants), and plant l within each block; � is the overall

mean; Bi(j) is the effect of block i (i = 1, …, 3) nested within site j
(j = 1, …, 5) for plant form k (k = 1, …, 3); and eijkl (l = 1, …, 5) is the
random error component. Differences among traits were consid-
ered significant at P = 0.05.

Covariate analysis was used to evaluate the relationships
among mean stem height, basal diameter, stem number, and cop-
pice dry mass to test the year of coppice harvest effect. In these
analyses, three sources of variation were studied: (i) covariate (i.e.,
stem number), (ii) independent effect (i.e., coppice year), and
(iii) independent effect × covariate. The analyses were done
based on the following model:

Yij � B0 � B0i � B1Xij � B1iXij � eij

where Yij is the dependent trait of plant i of coppice year treat-
ment j; B0 and B1 are average regression intercept coefficients; B0i

and B1i are the independent slope coefficients; Xij is the indepen-
dent variable; and eij is the error term. Results were considered
statistically significant at P = 0.05. Tukey’s means separation test
was used. The data satisfied normality and equality of variance
assumptions. The general linear model from SYSTAT (version 12;
Systat Software, Inc., Chicago, Illinois) was used for analysis.

Results
Soil properties were reasonably uniform, with the exception of

the proportions of sand, silt, and clay, which showed statistically
significant, but not large, differences from one site type to an-
other (Table 1). The main distinguishing feature was the soil N
content of site 5 (Fig. 1), which was almost twice as great as that
found on the other four sites.

The greatest stem height per plant showed significant differ-
ences among the three plant forms (10-year-old saplings and 1- and
2-year-old coppices), accounting for 9% of the total variation
(Table 2). Stem height of 2-year-old coppices was 20% greater than

Fig. 1. Map showing the location of 10 groups (blocks) of 25 bur oak saplings organized into five site types (e.g., site 1 consists of groups 1–1
and 1–2, site 2 consists of groups 2–1 and 2–2, etc.) established at the former Salmon Harbour coal mine near Minto, New Brunswick, Canada.
The average distance between blocks within site types is 38 m and ranges from 12 m to 90 m. [Colour online.]
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that of the 10-year-old saplings (Fig. 2a). Site type was significant
and accounted for 14% of the variation. This was largely due to
greater stem height on site type 5 (Fig. 1), which was 138 cm vs. the
average of 93 cm for the other four site types, or a 50% greater
stem height. There was no significant interaction between plant
form and site type, illustrated by 2-year-old coppice stem heights
being consistently greater than the 10-year-old saplings over all
five site types. The greatest stem basal diameter had a similar but
also somewhat different response than stem height. Plant form
and site type accounted for 35% and 9% of the total variation
(Table 2), and stem basal diameters reached only 50% and 72% of
the 10-year-old saplings for the 1- and 2-year-old coppices, respec-
tively (Fig. 2b). Site type 5 had 46% greater basal diameter than the
average of the other four sites types.

Plant form accounted for only 7% of total variation in above-
ground dry mass, and overall, the 10-year-old saplings and 2-year-
old coppices were virtually equal at 214 and 207 g, respectively
(Table 3; Fig. 3a). Site type accounted for 11% of the variation
because of site type 5, which had 2.3-fold the productivity of the
average of the four other sites. Even though the plant form × site
type interaction was not significant (P = 0.186), the 10-year-old
saplings had greater aboveground dry mass than the 2-year-old
coppices on site type 5; whereas, on the other four site types, the
2-year-old coppices had aboveground dry mass greater than, or
equal to, that of the 10-year-old saplings. Plant form had over-
whelmingly the greatest effect on the total variation in stem num-
ber, accounting for 56% (Table 3). Stem numbers were 1.2, 7.3, and
6.2 for 10-year-old saplings and 1- and 2-year-old coppices (Fig. 3b),
respectively. Stem numbers were not significantly different for 1-
and 2-year-old coppices. Site type had no significant effect on stem
number.

Covariate analysis of coppice dry mass in relation to mean cop-
pice stem height (x axis), while testing for a coppice year effect,
showed that the coppice year × mean coppice stem height inter-
action was significant (P = 0.005). This resulted in two different
slopes for 1- and 2-year-old coppices, with the latter having a
steeper slope (Fig. 4a). The overall R2 was high (0.721) and greater
than that of the greatest stem height (R2 = 0.671, not shown),
showing that mean coppice stem height is a good predictor of
aboveground coppice dry mass. Covariate analysis of mean
aboveground coppice dry mass in relation to mean coppice stem
basal diameter (x axis), while testing for a coppice year effect,
showed that coppice year × mean coppice basal diameter interac-
tion was significant (P = 0.043). This resulted in two statistically
different slopes, with 2-year-old coppice having a slightly greater
slope than 1-year-old coppice (Fig. 4b). The R2 was high (0.695) and
was greater than using the greatest coppice basal diameter (R2 =
0.650, not shown). Stem number was significantly related to mean
aboveground coppice dry mass, with separate slopes for 1- and
2-year-old coppices (stem number × coppice year interaction, P =
0.007; Fig. 4c). Stem number accounted for less variation in de-
scribing total aboveground coppice dry mass (R2 = 0.453) than
mean coppice stem height or mean stem basal diameter.

Mean coppice stem height in relation to stem number showed
no coppice year × stem number interaction (P = 0.820). Coppice
year was significant (P < 0.001), producing two separate lines but
equal and slightly positive slopes for describing mean coppice
stem height in relation to stem number (Fig. 5a). Mean coppice
stem basal diameter in relation to stem number showed no cop-
pice year × stem number interaction (P = 0.695). Coppice year was
significant (P < 0.001), resulting in two separate lines, but with
equal and slightly positive slopes describing mean stem basal
diameter in relation to stem number (Fig. 5b).

Mean coppice stem height in relation to mean coppice stem
basal diameter showed no coppice year × mean stem basal diam-
eter interaction (P = 0.501), nor was there a coppice year effect (P =
0.294). Thus, there was one positive line for both coppice years,T
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which describes the mean coppice stem height to mean coppice
basal diameter relationship with a high R2 (0.837) (Fig. 5c).

Discussion
The most dramatic result of this bur oak coppicing experiment

was the rapid recovery of height growth, biomass production, and
observable stem quality in coppices over the 2-year period follow-
ing harvesting of the original, 10-year-old saplings. Contrary to
expectations, coppices were observed to have a straighter, more
upright stem form than that of the often misshapen and twisted

single-stemmed 10-year-old saplings. If stem numbers and the ob-
servable stem quality resulting from coppicing are maintained
into the future, the coppiced plant structure could result in a
fuller and more spreading tree crown and canopy structure for
wildlife and could also improve stem quality for timber and bio-
energy production. The coppice stems may have benefited from
some interstem competition, as indicated by the mildly positive
effect of coppice numbers on height growth up to a maximum of
17 coppice stems (Fig. 5a).

This beneficial “coppicing effect” on stem height and, to a lesser
extent, on stem basal diameter contrasts with allometric studies
of several willow species tested on the same mine site and other
sites in which a negative relationship was observed for stem
height and stem basal diameter in relation to coppice stem num-
ber in five of the seven willow species assessed (Mosseler et al.
2014a; Mosseler and Major 2016). It should be noted that coppice
stem number was greater, particularly for shrub willows, which
have a much larger number and range of coppice stem numbers,
particularly in Salix eriocephala Michx., which produced up to
76 stems from a single coppice (Mosseler and Major 2016). Con-
trasted with tree-formed willows such as Salix amygdaloides Ander-
sson and Salix nigra Marshall, stem numbers were comparable
with bur oak, which also produced up to 10 stems per coppice. For
S. nigra, stem heights were only slightly negatively affected by
stem number; whereas stem height in S. amygdaloides was nega-
tively affected by coppice stem number. For both of these tree
willows, stem basal diameter was negatively affected by coppice
stem number.

For predicting total aboveground biomass in bur oak based on
nondestructive sampling techniques, either the mean stem height or
the mean stem basal diameter of up to six stems per coppice had
better predictive value than using only the largest stem per coppice.
Based on Mosseler and Major (2016), there was some expectation
that coppice stem number would be as good as, or better than,
mean stem height or mean stem basal diameter in predicting total
aboveground biomass; however, in bur oak, coppice stem number
was significant as a predictor of aboveground biomass but not as
useful as mean stem height or mean stem basal diameter. Thus,
bur oak genotype selection for improved biomass production
should include the whole coppice structure: mean stem height,
mean stem basal diameter, and coppice stem number. Appar-
ently, species capable of producing large numbers of coppice
stems such as Salix eriocephala and Salix interior Rowlee show a
stronger relationship between stem number and aboveground
biomass, and this relationship can be useful as a selection crite-
rion for predicting improved biomass productivity (Fatemi et al.
2011; Mosseler and Major 2016).

Relationships between mean stem height and mean stem basal
diameter vary among species (Ter-Mikaelian and Korzukhin 1997;
Paul et al. 2013; Mosseler and Major 2016) and among sites (Koeper
and Richardson 1980; Gargaglione et al. 2008; Mosseler et al. 2014).
We found that with bur oak, the mean stem height to mean stem
basal diameter ratio was the same regardless of coppice age (1- and
2-year-old); however, others have found that age is also an impor-

Table 2. Bur oak maximum stem height and stem basal diameter variance components (Var. comp.) and ANOVAs,
including source of variation, degrees of freedom (df), mean square values (MS), P values, and coefficient of determi-
nation (R2).

Source of variation df

Greatest stem height (cm) Greatest stem basal diameter (mm)

MS Var. comp. (%) P value MS Var. comp. (%) P value

Block(site type) 5 3059 6.0 0.011 100.2 4.7 0.004
Plant form 2 11 553 9.1 <0.001 1827.7 34.7 <0.001
Site type 4 9107 14.3 <0.001 246.6 9.4 <0.001
Plant form × site type 8 312 1.0 0.960 45.2 3.4 0.127
Error 179 992 69.7 28.2 47.8
R2 0.333 0.544

Note: P values < 0.05 are in bold type.

Fig. 2. (a) Greatest stem height (cm) and (b) greatest stem basal
diameter (mm) by site type and plant form.
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tant factor in allometric relationships (Peichl and Arain 2007;
Fatemi et al. 2011). The strength and consistency of the stem
diameter–height relationship in coppice growth indicate that
growth models developed for assessing biomass volume based on
simple nondestructive measures may be useful for economic via-
bility modeling (Ceulemans et al. 1996; Dillen et al. 2007; Rae et al.
2004).

Plants require N more than any other nutrient, and the positive
effect of increased soil N on productivity globally is well known in
the literature (Davidson et al. 2004; Elser et al. 2007; LeBauer and
Treseder 2008). This bur oak experiment was randomly estab-

lished on the infertile, treeless barrens of a former coal mine site
where the soil N values were below 0.1% on four of the five site
types; site type 5, however, had twice the soil N compared with the
other four site types. The typical soil N values on floodplain sites

Table 3. Bur oak aboveground dry mass and stem number variance components (Var. comp.) and ANOVAs, including
source of variation, degrees of freedom (df), mean square values (MS), P values, and coefficient of determination (R2).

Source of variation df

Aboveground dry mass (g) Stem number

MS Var. comp. (%) P value MS Var. comp. (%) P value

Block (site type) 5 327.1 × 103 6.4 0.008 5.2 1.8 0.143
Plant form 2 334.5 × 103 6.6 <0.001 694.9 56.2 <0.001
Site type 4 550.7 × 103 10.9 <0.001 8.5 1.4 0.169
Plant form × site type 8 233.4 × 103 4.6 0.186 8.3 2.7 0.134
Error 179 3612.3 × 103 71.5 5.2 37.9
R2 0.336 0.630

Note: P values < 0.05 are in bold type.

Fig. 3. (a) Total aboveground dry mass and (b) stem number by site
type and plant form.

Fig. 4. Allometric relationships between mean coppice dry mass
and (a) mean coppice stem height, (b) mean coppice stem basal
diameter, and (c) coppice stem number for 1- and 2-year-old coppices.
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associated with the Saint John River valley of NB, where bur oak
occurs naturally, have not been determined, but it can be as-
sumed that these sites are much more fertile due to depositions of
silt following annual spring floods. These forests are also less
exposed than the Salmon Harbour coal mine because bur oak
generally occurs naturally in relatively closed forest stands on
these floodplains. By assessing a number of key soil nutrients, our
study demonstrated the positive effect of N on tree growth, espe-
cially on impoverished sites, where it appears that this N differ-
ence resulted in a 2.3-fold increase in aboveground biomass.

Coppicing has traditionally been viewed negatively by foresters,
who believed it produced low-quality stems for timber; however,
the young bur oak coppices in our study showed beneficial effects
on tree stem structure. How long this beneficial effect maintains
itself is uncertain. Potentially damaging wind exposure and drought
conditions on such exposed treeless barrens probably resulted in

initial slow growth and misshapen stems in the 10-year-old saplings
prior to their harvesting. Harvesting and coppicing bur oak saplings
at approximately 10 years or less appears useful in improving tree
stem structure, either for timber quality or perhaps in shorter har-
vest rotations for bioenergy. The bur oak in our study responded well
to coppicing, improving both tree stem structure and rapid recovery
of biomass volume in young, slow-growing trees in which growth
had been adversely affected by poor growing conditions. We, there-
fore, recommend coppicing as a means of rejuvenating young trees
or saplings with growth and form that may have deteriorated under
harsh growing conditions on highly disturbed sites such as those
associated with mining operations.

Oak forests appear to be in decline globally, most often due to
changing conditions with respect to drought (Kabrick et al. 2008;
Allen et al. 2010; Fan et al. 2012; Gentilesca et al. 2017; Kotlarz et al.
2018; LeBlanc and Berland 2019). In many areas, it has been diffi-
cult to restore such forests under natural conditions using conven-
tional forest management approaches due to drought, soil infertility,
herbivory, and (or) vegetative competition (Kabrick et al. 2008;
Hanberry and Nowacki 2016; Dey and Schweitzer 2018; Frank et al.
2018; Monteiro-Henriques and Fernandes 2018). Furthermore,
doubts about the ability of older and larger oak stems to re-sprout
vigorously following stem harvesting may have prevented a more
widespread adoption of coppice management (Pyttel et al. 2013).
The younger bur oak saplings in our study, however, have shown
promising coppice regrowth following harvesting. The young bur
oak saplings on this highly disturbed mine site showed excellent
survival up to the age of 10 years following artificial establishment as
seedlings, but the seedlings grew slowly (compared with adjacent
naturally occurring Populus tremuloides Michx. and artificially estab-
lished Pinus rigida Mill.), probably due to exposed site conditions and
lack of water and nutrients. Harvesting such poorly growing saplings
at a young age appears useful for promoting good-quality, coppice
stem regrowth. This study will also establish opportunities to assess
the longer term effects of coppicing on forest stand structure in an
emerging bur oak forest, allowing us to clarify the effects of multi-
stemmed coppices vs. single-stemmed bur oak trees as habitat for
birds and other wildlife, as well as for production of bioenergy.

Conclusion
Coppicing appears to be an effective way to rejuvenate poorly

formed, slow-growing stems on highly disturbed, infertile, exposed
areas such as the treeless barrens of former mine sites. Coppicing
may also be a pragmatic silvicultural alternative for maintaining
species such as oaks in areas where they may currently be in
decline due to changing environments resulting in increased
drought. If drought becomes a major factor in oak decline, then
coppicing in combination with shorter harvest cycles or rotations
may be an effective way to maintain oak populations in such
drought-prone areas because coppicing takes advantage of an es-
tablished root system as opposed to re-establishing species by
planting seedlings that may be more susceptible to drought fol-
lowing planting.
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