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The interactive effects of surface-burn severity and canopy
cover on conifer and broadleaf tree seedling ecophysiology
Sheel Bansal, Till Jochum, David A. Wardle, and Marie-Charlotte Nilsson

Abstract: Fire has an important role for regeneration of many boreal forest tree species, and this includes both wildfire and
prescribed burning following clear-cutting. Depending on the severity, fire can have a variety of effects on above- and below-
ground properties that impact tree seedling establishment. Very little is known about the impacts of ground fire severity on
post-fire seedling performance, or how the effects of fire severity interact with those of canopy structure. We conducted a
full-factorial experiment that manipulated surface-burn severity (no burn; light, medium, or heavy burn; or scarification) and
canopy (closed forest or open clear-cut) to reveal their interactive effects on ecophysiological traits of establishing broadleaf and
conifer seedlings in a Swedish boreal forest. Medium and heavy surface burns increased seedling growth, photosynthesis,
respiration, and foliar N and P concentrations, and these effects were most apparent in open clear-cuts. Growth rates of all species
responded similarly to surface-burn treatments, although photosynthesis, foliar P, and specific leaf area were more responsive to
burning treatments for broadleaf species than for conifers. Our study demonstrates that the positive impacts of fire on tree seedling
physiology are dependent on a minimum severity threshold and are more effective when combined with clear-cutting.

Key words: boreal forest, fire severity, fire management, foliar nutrients, photosynthesis, respiration, scarification, tree seedling
regeneration.

Résumé : Le feu joue un rôle important pour la régénération de plusieurs espèces d’arbre de la forêt boréale et cela inclut les feux
de forêt et le brûlage dirigé après une coupe à blanc. Selon la sévérité, le feu peut avoir une variété d’effets sur les propriétés
aériennes et souterraines qui ont un impact sur l’établissement des semis. On connaît mal les impacts de la sévérité des feux de
surface sur la performance des semis après feu ou la façon dont les effets de la sévérité du feu interagissent avec ceux de la
structure du couvert forestier. Nous avons réalisé une expérience selon un plan factoriel complet dans laquelle nous avons fait
varier la sévérité d’un brûlage de surface (aucun brûlage; brûlage léger, moyen ou sévère; ou scarifiage) et le couvert forestier
(fermé ou ouvert à la suite d’une coupe à blanc) dans le but de révéler leurs effets interactifs sur les caractéristiques écophysi-
ologiques des semis de conifères et de feuillus qui s’établissent dans une forêt boréale suédoise. Les brûlages de surface moyen
et sévère ont augmenté la croissance, la photosynthèse, la respiration et la concentration foliaire de N et P des semis mais ces
effets étaient davantage apparents dans les coupes à blanc. Le taux de croissance de toutes les espèces a réagi de façon similaire
aux traitements de brûlage de surface bien que la photosynthèse, le P foliaire et la surface foliaire spécifique aient réagi
davantage aux traitements de brûlage chez les feuillus que chez les conifères. Notre étude démontre que les impacts positifs du
feu sur la physiologie des semis d’arbre dépendent d’un seuil de sévérité minimum et sont plus efficaces lorsque le feu est
combiné à la coupe à blanc. [Traduit par la Rédaction]

Mots-clés : forêt boréale, sévérité du feu, gestion du feu, nutriments foliaires, photosynthèse, respiration, scarifiage, régénération
de semis d’arbre.

Introduction
It is well recognized that fire is a major driver of regeneration

patterns in boreal forest systems (Zackrisson 1977; Engelmark
1984; Payette 1992; Lampainen et al. 2004; Nilsson and Wardle
2005). Fire often creates beneficial microsites that favor tree seed-
ling establishment, and as such, recruitment pulses of tree species
have frequently been observed during the first five to ten years
post fire (Turner et al. 1994; Linder et al. 1997). This in turn has a
strong influence on subsequent stand structure and diversity
(Schimmel and Granström 1996; Johnstone et al. 2004). Conse-
quently, habitat conditions during the short window of oppor-
tunity after a particular fire event are critical in determining
regeneration patterns and hence future stand trajectories. Al-

though effective fire suppression has been implemented through-
out Sweden over the past century, small scale attempts are being
made to reintroduce fire as a sustainable management tool to
facilitate natural recruitment of tree species as well as for conser-
vation purposes (Granström 2001). However, seedling recruitment
after prescribed fire frequently fails because the resulting condi-
tions often deviate markedly from conditions created by natural
wildfire (Granström 2001). Therefore an increased functional un-
derstanding of the nature of post-fire conditions and their impact
on establishing tree seedlings is essential to implement effective
forest management strategies.

It has been proposed that successful recruitment of North
American tree species after natural fires is linked to fire severity
(Neary et al. 1999; Johnstone and Chapin 2006; Greene et al. 2007),
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but the role of fire severity for regeneration in Fennoscandian
boreal forests has not yet been addressed. In Fennoscandian bo-
real forests, as opposed to much of the North American boreal
forest, fires are typically not stand-replacing and occur largely on
the ground. Therefore, following fire, tree density is often reduced
due to mortality of Pinus sylvestris saplings and selective killing of
overstory species such as Picea abies (L.) Karst. (Zackrisson 1977;
Engelmark 1993). The degree of mortality of tree species and loss
of understory vegetation may vary greatly among and within fire
events, and this can have important effects on the microhabitat in
which new tree seedling cohorts establish. The reductions in for-
est canopy and understory vegetation allow greater light trans-
mission to the forest floor while at the same time reducing
competition among trees and establishing seedlings (Kuuluvainen
and Rouvinen 2000; Lampainen et al. 2004). Fire also causes a
reduction in soil organic layer depth (hereafter referred to as
surface-burn severity) in different ways (Schimmel and Granström
1996; Neary et al. 1999; Keeley 2009). For example, low level sur-
face burns may only cause limited charring of the litter layer,
while moderate surface burns consume much of the organic layer
and leave a thin hydrophobic humus layer (Turner et al. 1994;
DeBano 2000; Ryan 2002; Certini 2005). Deep, high severity sur-
face burns typically combust nearly all aboveground live vegeta-
tion and the belowground humus layer, deposit large amounts of
ash and charcoal, and leave loose unstructured soil exposed at the
surface (Johnstone and Kasischke 2005). Thus the degree of burn
severity impacts microclimatic conditions, substrate quality, and
availability of nutrients (Neary et al. 1999; Certini 2005) for post-
fire seedling establishment and the subsequent development of
the forest.

Tree seedling performance during post-fire conditions has mainly
been assessed through measuring the accumulation of above - and
below-ground biomass, height growth, and (or) foliar nutrition of
established saplings or adults, while few studies have looked at
the physiological responses of tree seedlings (Reich et al. 1990).
Physiological responses of seedlings to fire severity should vary
between contrasting plant groups (notably angiosperms versus
gymnosperms) because of fundamental differences in functional
traits. Hence, species-specific seedling ecophysiological responses
to fire could be a major determinant of subsequent forest devel-
opment. To date, few studies have investigated physiological ef-
fects of fire on seedlings of contrasting tree species, and to our
knowledge no studies have considered this across fires of differing
surface-burn severity. Further, there is little understanding of
whether fire severity impacts differently on the performance of
tree seedlings regenerating under natural forest conditions com-
pared to those regenerating following prescribed burns on clear-
felled sites.

In the present study, we implemented a series of ground-level
disturbance treatments in a boreal forest of northern Sweden,
which included differing levels of surface-burn severity on both a
recent clear-cut and a late successional forest. We assessed how
surface-burn severity affected the ecophysiological performance
of four dominant species of Fennoscandian forests (two conifer-
ous and two broadleaved species) under two different canopy con-
ditions. To gain understanding of the effects of fire versus that of
complete removal of vegetation and topsoil (scarification), we
also applied a manual removal treatment in our experiment. We
hypothesized that: (1) as the degree of surface-burn severity in-
creases, seedling ecophysiological response traits (i.e., growth
rates, net photosynthetic rates, and foliar nutrient concentra-
tions) would all have higher values as a consequence of improved
soil moisture and nutrient conditions resulting from reduced
competition from understory vegetation; (2) that the positive ef-
fects of increasing surface-burn severity on seedling performance
would be greater in the open clear-cut than in closed canopy
forest due to alleviation of light and temperature limitations from
overstory tree shading, thus allowing seedlings to fully exploit the

increased soil resources from burning; (3) that the broadleaved
species would respond more positively than the conifers to in-
creasing surface-burn severity because of their inherently faster
growth rates compared to conifers, which should allow them to
benefit from increased resource availability more readily. By ad-
dressing these three hypotheses we aimed to better understand
the mechanistic basis of how local scale disturbance regimes im-
pact the differential performance of coexisting tree species. Such
knowledge is essential to better predict future stand development
after fire disturbance and of value for underpinning the manage-
ment of boreal forests through the use of fire.

Materials and methods

Site description
The field experiment was established in summer 2009 near the

town of Vindeln, in the mid-boreal zone of Sweden (64°09=N;
19°40=E; 200 m a.s.l.). The annual rainfall is 591 mm and the mean
January and July temperatures are –10.8 and 14.1 °C, respectively
(based on the climate reference period 1961–1990, SMHI [Swedish
Meteorological and Hydrological Institute] weather station Vindeln-
Sunnansjönäs). The site is characterized by podzolic soils formed
on glacial till derived from migmatite and veined gneisses. The
site consists of a late successional, extensively managed and un-
evenaged forest dominated by P. abies and P. sylvestris with scat-
tered individuals of Betula pubescens (Ehrh.) and B. pendula (Roth)
and Populus tremula (L.). The mean stand age was 152 years, basal
area was 26 m2·ha−1, canopy height was 20.3 m, and standing
wood volume was 215 m3·ha−1. In March 2008, a portion of this
forest of approximately 8 ha in size was clear cut with all timber
harvested, resulting in a 1 km transect with intact forest on one
side and a clear-cut on the other. The understory vegetation in the
intact forest consisted of ericaceous shrubs, primarily dominated
by Vaccinium myrtillus L. and V. vitis-idaea L., and a moss layer dom-
inated by Pleurozium schreberi (Bird.) Mitt. and Hylocomium splendens
(Hedw.). On the clear-cut, these species as well as Deschampsia
flexuosa (L.) Trin., Luzula pilosa (L.) and Epilobium angustifolium (L.)
dominated the vegetation at the start of the experiment in 2009.

Experimental design
We established a three-level full factorial experiment in a split-

split-plot design. Nine main replicate blocks, with each block con-
sisting of two plots (one plot under the forest canopy and one in
the clear-cut) were set up along the 1 km transect. Each block was
at least 80 m from the nearest adjacent block, and each plot was
30 m from the forest–clear-cut boundary. We treated each block
as a discrete replicate, which we maintain is defensible given the
length of the transect relative to the spacing of plots within blocks
(Wardle et al. 2008). Each plot measured approximately 30 m ×
30 m. Within each plot, five subplots with similar understory
vegetation and tree cover were established; each subplot was
2 m × 5 m in size. Prior to experimental set-up, humus depths were
relatively consistent within and between the forest and clear cut
(35.1 ± 2.6 and 33.8 ± 2.7 mm, respectively; F1,49 = 0.04, P = 0.85, N =
50). Each subplot randomly received one of five surface-burn se-
verity treatments as follows.

(i) Control (unmanipulated) treatment, with vegetation and
the humus layer left undisturbed.

(ii) Light (low severity) burn, which involved burning off all
aboveground shrub vegetation, live moss vegetation, and
the fine litter, leaving larger pieces of litter unburned.
Only the top few mm of the humus layer was burned off
(Table 2), leaving a lightly charred upper surface.

(iii) Medium (moderate severity) burn, which involved burning
off the vegetation, litter, and an average of 16 mm of the
humus layer (Table 2), leaving 20 mm of charred humus in
place.
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Published by NRC Research Press

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
U

SD
A

 2
01

4 
on

 0
7/

25
/1

4
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



(iv) Heavy (high severity) burn, which involved burning off all
vegetation, litter, and humus down to the mineral soil,
leaving a residual, blackened layer of charcoal on the sur-
face of the mineral soil.

(v) Scarification (top soil removal), which involved physically
removing vegetation and the entire humus layer, leaving
exposed mineral soil. This treatment was intended to de-
termine the consequences of loss of all organic matter but
without other effects of fire being present.

Surface treatments were implemented between 8 July and
26 July 2009. We applied the burning treatments using butane
fired blow torches for 15–30 minutes per plot. Due to the high
moisture content of the humus layer, light raking of the upper
surfaces was needed to assist the combustion of organic matter
for the medium and heavy burn treatments (Schimmel and
Granström 1996); we were careful to avoid disturbing the deeper
portion of the soil profile during raking. Scarification was
achieved using spades and rakes to roll off the organic topsoil
layer and involved creating scarified (scalped) plots in which the
underlying bare mineral soil was exposed. It should be noted that
our approach was developed specifically for application to small
individual plots, and therefore the exposition, planting micro-
site, and size of our scarified treatment has some differences from
what is usually done in practical forestry (especially when spot
scarification and mounding is applied). To overcome possible
edge effects on each subplot, only the inner 1.4 m × 4.0 m area of
each subplot was used for the experiment.

We studied seedlings of two deciduous broadleaved species
(B. pubescens and P. tremula) and two evergreen coniferous species
(P. sylvestris and P. abies), hereafter referred to as Betula, Populus,
Pinus, and Picea, respectively. These four species represent both
the most abundant species at the site and the most economically
important native species of the region. In line with Swedish for-
estry practices, we used second-year containerized seedlings that
were grown in regional nurseries. The conifers came from Skog-
forsk, Sävar, Sweden and the broadleaves from Taimityllilä Oy,
Karhulantie, Mäntyharju, Finland. We planted two seedlings of
each species in each subplot, between 5 and 15 August 2009, prior
to winter dormancy but after conifers had stopped height growth
and set bud. Seedlings were always planted at least 33 cm apart to
avoid interactions among individuals.

Abiotic soil properties
During the 2010 growing season, we measured several abiotic

factors to determine the effects of canopy cover (closed forest vs.
open clear-cut) and surface-burn severity on abiotic factors for
each subplot. Following application of treatments, humus depth
was measured (±1 mm) at two positions per subplot. We assumed
that the original humus depth prior to treatment application on
each subplot was equal to that of the control subplot within the
same plot. The burn depth was calculated as the difference be-
tween the original humus depth and remaining (measured)
humus depth. We measured soil surface temperature on both
overcast (19 July 2010) and sunny (4 August 2010) conditions using
a gun-type infrared thermometer (Sentry ST653, Sentry Optronic
Corp., Taiwan). Soil temperatures (5 cm below humus surface)
were recorded every 24 h from June to September 2010 on a subset
of 20 treatment plots using temperature probes (iButton Thermo-
chron, Maxim Integrated Products, Texas, USA). We collected soil
cores (5 cm in diameter) from two random points in each subplot
on 10–15 September 2010. Soil cores were 5 cm deep starting from
the top of the humus layer. Therefore, the cores from the control
and light burn treatments primarily consisted of humus, while
the heavy burn and scarification treatments were primarily min-
eral soil, and the moderate burn was a mix of humus and mineral
soil. Soil samples were bulked within the subplot and passed
through a 4 mm sieve. An 8 g subsample of this soil was shaken
overnight in 50 mL of deionized water, and the suspension was

used to measure pH (Mettler-Toledo MP 220 pH meter, Switzer-
land). A second subsample was used to determine bulk density
(g·m–3) and gravimetric water content, as the proportion of water
to oven dried (60 °C, 72 h) soil. The total quantity of humus mass
burned or removed (kg dry humus·m–2) was calculated using
burned humus depth, gravimetric water content, and bulk den-
sity (kg dry humus·m–2). A third subsample of soil was dried at
60 °C to constant mass, ground, and analyzed for total soil carbon (C)
and nitrogen(N) using a CN furnace and for total phosphorous (P)
concentration using ICP spectroscopy following digestion with per-
chloric acid (Sparks et al. 1996) (Soil, Water and Plant Testing Labo-
ratory, Colorado State University, Fort Collins, Colorado, USA). We
measured total N and P, because they are relatively stable over time
compared to mineral forms of N and P.

Plant response variables
We measured growth and a range of ecophysiological traits on

the best performing (taller) of the two seedlings of each species in
each subplot. By choosing the best performing seedling of the two
rather than the average, we aimed at avoiding variation due to
stochastic damage or mortality that was independent of treat-
ment (Wardle et al. 2008). There were no consistent differences in
seedling damage, for example by large herbivores, among treat-
ments. Stem radial growth was measured on these seedlings as
basal stem diameter increment during the 2010 growing season.
Each seedling was measured just after bud burst in early June 2010
and re-measured near the end of the growing season in September
2010 using digital calipers (accuracy of 0.03 mm). Stem diameter
correlated significantly with seedling biomass for all species at
the start of the season (Pearson product moment correlation for
Picea: r = 0.937, P ≤ 0.001, Pinus: r = 0.949, P ≤ 0.001, Betula: r = 0.921,
P ≤ 0.001, Populus: r = 0.979, P ≤ 0.001; N for all = 15). Thus stem
diameter increment serves as an appropriate surrogate for growth
rate.

Ecophysiological traits, including gas exchange rates and foliar
nutrient concentrations, were measured at the end of the 2010
growing season (20–25 August), after conifers had set bud but
prior to senescence for the broadleaves. Our methods were similar
to those followed by Reich et al. (1998) with regard to the compar-
ison of deciduous and coniferous boreal tree species. To deter-
mine net photosynthesis (A), dark respiration (R), and conductance
(gs), we measured CO2 and H2O flux using a portable gas exchange
measurement unit (LI-6400XT, Li-Cor Biosciences, Inc., Lincoln,
Nebraska, USA). For the broadleaved species, we measured gas
exchange on the intact, fully expanded leaf that was furthest from
the ground that was also large enough to fit the cuvette chamber
dimensions (2 cm × 3 cm, model LI-6400-02b). For the conifers, we
measured gas exchange of the top 6 cm of the leading shoot (en-
tirely consisting of new growth from the current growing season),
using an opaque conifer chamber (model LI-6400-18) (Bansal et al.
2013). Conifer shoot leaders were generally dense with needles
and had relatively little stem tissue in both the forest and clear-
cut. Given the relatively high ratio of foliage compared to stem
tissue, and that foliage has much higher rates of gas flux com-
pared to stem tissues (Vose and Ryan 2002), we assume that most
of the gas flux we measured was contributed by the needles and
not the stems. All measured leaf tissues were fully developed in
their respective treatment environments at the end of the exper-
iment and any residual influences of prior nursery conditions
were therefore likely minimal; further, any residual effects would
have been consistent among treatments and thus not served as a
source of treatment-related bias. Within each of the chambers,
conditions were set to light levels of 1100 quanta·m−2·s−1, humid-
ity of 60%– 80%, temperature of 20 °C, and reference CO2 concen-
tration of 400 �mol·mol−1, for measurements of A and gs. The
chamber light was then shut off (PAR = 0), and when gas exchange
rates had stabilized, we measured R. To normalize the gas ex-
change measurements of the coniferous seedlings, which varied
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Table 2. Abiotic soil properties [mean (SE)] in a clear-cut (CC) and forested (F) canopy cover in five different surface-burn severity treatments
(control, light-burn severity, medium-burn surface, heavy-burn severity and scarification) measured approximately one year after surface-burn
treatments were applied.

Soil properties
Canopy
cover Control Light burn Medium burn Heavy burn Scarification

Humus depth (mm) CC 33.8 (2.7)a 31.2 (2.7)a 17.4 (2.1)b 6.6 (2.3)c 0.9 (0.6)c

F 36.6 (2.8)a 34.2 (3.4)a 24.1 (2.1)b 5.8 (1.4)c 2.1 (1.4)c

Depth of burn or removal of humus (mm) CC 0.00 (0)a 2.6 (3.9)a 16.4 (3.4)b 27.2 (4.4)c 32.9 (2.4)c

F 0.00 (0)a 2.4 (4.9)a 12.6 (4.0)b 30.8 (3.9)c 34.6 (2.1)c

Humus mass consumed or removed (kg·dry·wt·m−2) CC 0.00 (0)a 0.06 (0.1)a 0.50 (0.1)b 0.86 (0.2)c 1.02 (0.1)c

F 0.00 (0)a 0.19 (0.2)ab 0.44 (0.2)b 0.96 (0.3)c 0.98 (0.2)c

Soil temperature at 5 cm depth (°C) CC 12.9 (0.2)a 13.9 (0.2)b 13.9 (0.3)b 16.1 (0.3)b 15.5 (0.3)c

F 11.6 (0.2)a 10.5 (0.2)a 11.1 (0.3)ab 11.8 (0.3)bc 12.5 (0.3)c

Surface temperature (°C) CC 25.1 (1.3)a 30.0 (1.8)ab 35.5 (1.4)c 33.3 (1.1)bc 24.2 (1.1)a

F 10.1 (0.8)a 9.9 (0.7)a 10.3 (0.6)a 9.4 (0.7)a 9.6 (0.6)a

GWC (g·H2O·g−1 dry soil) CC 67.46 (10.13)a 73.76 (6.59)a 41.36 (4.74)b 40.84 (5.14)b 23.77 (1.22)c

F 101.01 (14.31)a 110.05 (20.67)a 63.86 (8.81)b 39.05 (5.94)b 31.55 (3.98)b

pH CC 4.58 (0.09)a 4.64 (0.05)a 5.21 (0.09)b 5.73 (0.14)c 5.10 (0.06)b

F 4.29 (0.07)a 4.28 (0.11)a 4.73 (0.09)b 5.22 (0.10)c 4.91 (0.09)b

Total soil N (mg·g−1) CC 3.34 (0.53)a 3.66 (0.38)a 2.35 (0.34)b 2.24 (0.51)b 0.70 (0.09)c

F 4.17 (0.61)ab 5.86 (1.20)a 2.92 (0.40)b 1.84 (0.48)c 0.95 (0.18)d

Total soil C (mg·g−1) CC 123.60 (22.85)a 140.01 (16.90)a 68.42 (10.23)b 64.08 (15.77)b 13.35 (3.50)c

F 172.46 (20.28)a 207.06 (35.73)a 104.02 (17.36)b 56.44 (15.81)c 28.50 (7.73)d

Total soil P (mg·g−1) CC 0.44 (0.05)ab 0.42 (0.04)ab 0.52 (0.07)a 0.54 (0.04)a 0.36 (0.04)b

F 0.55 (0.08)ab 0.59 (0.12)a 0.47 (0.06)ab 0.45 (0.05)ab 0.39 (0.04)b

Note: *Abbreviations: CC = clearcut; F = forest; GWC = gravimetric water content; N = nitrogen; P = phosphorous; C = carbon. Within each row, numbers followed
by the same letter do not differ at P = 0.05.

Table 1. Results from a two-way split-plot ANOVA (F and P values) testing for the effects of canopy
cover (forest, clear-cut) as the main plot factor and surface-burn severity as the sub-plot factor
(control, light-burn severity, medium-burn severity, heavy-burn severity and scarification) on soil
abiotic properties.

Canopy cover
(canopy)

Surface-burn
severity (burn) canopy × burn

Parameter F P F P F P

Humus depth 0.19 0.669 82.49 <0.001 0.15 0.962
Burn/removal depth 0.01 0.918 89.29 <0.001 0.74 0.57
Humus consumed/removed 0.03 0.878 32.43 <0.001 0.30 0.87
Soil temperature (−5 cm) 331.51 <0.001 29.49 <0.001 3.48 0.008
Surface temperature 113.45 <0.001 10.70 <0.001 10.25 <0.001
Gravimetric water content 14.17 <0.001 37.61 <0.001 1.56 0.194
pH 38.92 <0.001 42.75 <0.001 0.97 0.428
Total soil N 3.22 0.077 42.62 <0.001 1.32 0.269
Total soil C 8.18 0.005 53.09 <0.001 1.46 0.223
Total soil P 1.41 0.244 0.24 0.909 0.19 0.937

Note: Significant effects (P < 0.05) are in bold text.

Table 3. Results from a three-way split-split-plot ANOVA (F and P values) testing for the effects of canopy cover (forest, clear-cut) as the main plot
factor, surface-burn severity as the sub-plot factor (control, light-burn severity, medium-burn severity, heavy-burn severity and scarification), and
species as the sub-plot factor (Betula, Populus, Pinus and Picea) within each surface-burn treatment on growth variable, gas exchange and foliar
nutrients of establishing seedlings.

Species (sp)
Canopy cover
(canopy)

Surface-burn
severity (burn) sp × canopy sp × burn canopy × burn

sp ×
canopy ×
burn

Parameter F P F P F P F P F P F P F P

Radial growth 12.22 <0.001 12.74 0.002 10.37 <0.001 1.46 0.220 1.34 0.201 5.11 <0.001 1.54 0.124
Photosynthesis 118.75 <0.001 52.44 <0.001 2.65 0.042 7.93 <0.001 2.06 0.021 3.40 0.012 1.42 0.152
Respiration 122.94 <0.001 165.8 <0.001 3.12 0.024 6.14 <0.001 1.32 0.203 4.40 0.002 0.67 0.865
A:R 18.06 <0.001 28.53 <0.001 0.28 0.892 5.37 0.002 1.92 0.035 1.47 0.226 1.28 0.233
Conductance 23.63 <0.001 12.07 0.008 1.54 0.195 12.22 <0.001 1.77 0.066 1.63 0.185 1.07 0.431
Foliar N 22.88 <0.001 27.78 <0.001 5.29 <0.001 7.96 <0.001 1.74 0.078 7.02 <0.001 1.75 0.074
Foliar P 92.21 <0.001 14.42 <0.001 16.11 <0.001 4.63 0.004 3.41 <0.001 3.05 0.024 1.83 0.067
SLA 369.24 <0.001 92.16 <0.001 0.42 0.807 3.85 0.011 2.33 0.008 1.77 0.16 1.65 0.095

Note: *Abbreviations: A:R = the ratio of photosynthesis to respiration; N = nitrogen; P = phosphorous; SLA = specific leaf area. Significant effects (P < 0.05) are in bold text.
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in the amount of leaf area inside the chamber, the silhouette area
of the inserted shoot was digitally photographed with a reference
scale and analyzed for projected leaf area using image process-
ing software (Bansal et al. 2011) (Image J, Scion Co., Fredrick,
Maryland, USA). Our use of two different chambers for gas ex-
change measurements on broadleaves and conifers, and differ-
ences between the ratio of needle to non-needle tissue between
conifers, may have contributed to species-level differences. How-
ever, our third hypothesis focused on how species respond differ-
ently to canopy and surface-burn treatments (i.e., interaction
effects), and therefore absolute differences in gas exchange rates
between species were less important for this study.

After measurement of gas exchange, we harvested the whole
leaf of the broadleaved species or a subsample of needles from the
conifers for determination of the ratio of fresh leaf area to dry
mass (specific leaf area, SLA) and analysis of leaf nutrient concen-
trations. The fresh leaf tissues were laid flat with a reference scale
(for calibration), digitally photographed and analyzed for pro-
jected leaf area as described above. These tissues were then dried
at 60 °C for 48 h and weighed (±0.01 mg). A subsample of the dried
leaf tissues were then ground and analyzed for foliar N and P
concentrations using a modified semi-micro Kjeldahl technique.

Data analysis
For statistical analyses of abiotic factors we used a two-way

split-plot analysis of variance (ANOVA) with blocking to test for
effects of canopy cover class (intact forest, open clear-cut) as the
main plot factor and surface-burn severity (control, light burn,
medium burn, heavy burn, scarification) as the subplot factor. Soil
temperature data collected from daily measurements by iButton
data loggers were analyzed using repeated-measures analysis,
with logger included as a random factor in each test for which
repeated measures analysis was performed. To analyze treatment
effects on ecophysiological traits of the seedlings, we used a three-
way split-split-plot ANOVA to test for effects of canopy cover class
as the main plot factor, surface-burn severity as the subplot factor
and species as the subplot factor within the surface-burn severity
treatments. When effects of ANOVAs were significant at P = 0.05,
the Least Significant Difference test was used to compare means
among soil treatments within canopy cover classes, among can-
opy cover classes within species, and among species across all
canopy cover classes and subplots. Variables were log trans-
formed when necessary to meet the assumptions of homoscedas-
ticity of error variance and normality.

Results

Abiotic factors
Increasing surface-burn severity reduced humus depth and in-

creased the depth and quantity of humus burned or removed,
however these properties were unaffected by canopy cover type or
its interaction with burn severity (Tables 1 and 2). Soil (5 cm depth)
and surface temperatures were both affected by canopy cover,
surface-burn severity, and their interaction (Table 1). Specifically,
soil and surface temperatures were greater in the clear-cut com-
pared to forest. In both the forest and clear-cut, soil temperatures
were highest on the heavy burn and scarification treatments. Sur-
face temperatures for the clear-cut were greatest on the medium
and heavy burn treatments, while they did not vary among sur-
face treatments in the forest (Table 2). Gravimetric water content
was influenced by canopy cover and surface-burn severity and was

greater in the forest compared to clear-cut, particularly on the
control and light burn treatments. Values of soil pH were also
affected by canopy cover and surface-burn severity, with higher
pH values in the clear-cut compared to forest, and with the high-
est values on the heavy burn treatments for both. Total soil N and
C both decreased with increasing surface-burn severity, and soil C
(but not N) was also influenced by canopy cover (greater in forest).
Soil C and N were greatest on the light burn treatment in both the
forest and clear-cut. Soil P did not vary among canopy or surface-
burn severity treatments (Table 1 and 2).

Radial growth rates, photosynthesis, and respiration
Radial growth varied significantly among species, canopy cover,

and surface-burn severity treatments (Table 3; Fig. 1a). Overall,
growth rates were greater in the clear-cut compared to the forest,
and greater on medium and heavy burn treatments than on
the other surface treatments. There was a significant canopy ×
surface-burn severity interaction on radial growth, because growth
was greatest in the medium and (or) heavy burn treatment for all
species in the clear-cut but was less responsive to the surface-burn
treatment (except Pinus) in the intact forest (Table 3, Fig. 1a). In
contrast to the heavy and medium burn treatments on the clear-
cut, scarification did not exhibit a positive effect on seedling
growth (Fig. 1a). There were significant differences among species,
canopy conditions, and surface-burn treatments for both net pho-
tosynthesis (A) and respiration (R) (Table 3; Figs. 1b, c), with higher
gas exchange rates in the clear-cut than in the forest. Respiration
rates were relatively high on medium and heavy burn treatments.
For A and R, there were significant interactive effects of species
and canopy cover due to greater responsiveness to canopy of broa-
dleaves compared to conifers (Figs. 1b, c). There were also signifi-
cant interactive effects of canopy conditions and surface-burn
severity for A and R due to greater effects of burning treatments in
the clear-cut compared to forest (Table 3, Figs. 1a, b). Further, there
was an interactive effect of species and surface-burn severity on A,
because broadleaves were more affected by the burn treatments
than the conifers. There were no three-way interactions (species ×
canopy cover × surface-burn severity) on any ecophysiological re-
sponse variable. The ratio of A to R varied significantly among
species, canopy cover, and their interaction but was not respon-
sive to surface-burn severity (Fig. 1d, Table 3). As such, Betula had
the highest values of A:R, and all species except Betula generally
had higher values in the forest compared to the clear-cut (Fig. 1d).

Conductance, foliar nutrient, and specific leaf area
Values of stomatal conductance (gs) were influenced by species,

canopy cover, and their interaction but not by surface-burn sever-
ity (Table 3). As such, conductance rates were greatest for Betula
and Pinus, and were significantly greater in the clear-cut than the
forest for Betula and Pinus (Fig. 2a). Foliar N and P concentrations
were affected by species, canopy cover, and surface-burn severity,
and the interactions of species × canopy and canopy × surface-
burn severity (Table 3). All species had their highest foliar N and
P concentrations when grown in the medium and (or) heavy
surface-burn treatments in the clear-cut, although this was statis-
tically significant only for the broadleaved species, and for Pinus
for N only. In the forest, only the broadleaved species had greater
foliar P on burned compared to unburned soils, while N for the
broadleaved species, and both N and P for the conifers were unre-
sponsive to surface-burn severity in the forest (Fig. 2c). All species

Fig. 1. Effect of canopy cover (forest, clear-cut) and surface-burn severity (control, light-burn severity, medium-burn severity, heavy-burn
severity, scarification) on radial growth (a), net photosynthesis (b), respiration (c), and the ratio of photosynthesis to respiration, A:R (d)
(mean ± 1 SE) of two broadleaf tree species (Betula pubescens and Populus tremula) and two conifer tree species (Pinus sylvestris and Picea abies).
Within each group of five bars, different lower case letters indicate significant differences among the surface-burn severity treatments, and
across all panels within each row different capitalized letters indicate significant overall differences among all eight canopy cover × species
combinations following ANOVA (ANOVA results in Table 3).
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showed higher values for SLA in the forest compared to the clear-
cut, with Betula having the highest SLA followed by Populus and the
two conifers (Table 3; Fig. 2d). Values of SLA were also affected by
a significant species × canopy and species × surface-burn severity
interaction (Table 3). As such, only broadleaved species showed
increased SLA on medium and (or) heavy burn treatments and
only in the clear-cut. In the forest, values of SLA generally did not
differ among surface-burn severity treatments, except for Picea,
for which SLA declined with increasing surface-burn severity
(Fig. 2d).

Discussion
The impacts of natural wildfires or prescribed burns on forest

regeneration are largely determined by their severity (i.e., the
level of organic matter combustion on the forest floor) (Neary
et al. 1999; Johnstone and Chapin 2006). However, the vast major-
ity of studies on fire severity and regeneration typically describe
regeneration patterns following natural wildfires, but these can
be confounded by pre-fire conditions, viable seed bank size, and
post-fire competition from re-sprouting vegetation; further, such
studies rarely consider the underlying physiological mechanisms
that drive seedling success (Reich et al. 1990). Our experimental
approach, which involved varying both fire severity and overhead
canopy conditions while holding all other factors constant,
showed that seedlings of four of the most common and econom-
ically important tree species of Fennoscandian boreal forests of-
ten showed positive ecophysiological responses to medium and
heavy (but not low) severity surface burning, with these responses
being greatest in open clear-cuts and for broadleaved species.

In support of our first hypothesis, our data showed that increas-
ing surface-burn severity positively impacted the majority of
seedling ecophysiological response variables that we measured,
including growth, photosynthesis, respiration, and foliar N and
foliar P concentrations. However, for all of these traits, the bene-
fits from surface burning were only apparent following medium
or heavy, but not low, severity burns (Figs. 1 and 2). This was
despite lower soil moisture and total N in soils following heavier
compared to lighter surface burns (Table 2). Studies have shown
that mineralization of soil N to plant-available forms (e.g., ammo-
nium and nitrate) is often higher shortly after burning, even when
total N capital has been reduced through combustion of organic
matter (Tamm 1991; DeLuca et al. 2002). Indeed, during our exper-
iment, medium and heavy burn treatments had higher soil tem-
peratures and soil pH relative to the light burn treatment; such
conditions generally favor microbial activity and N mineraliza-
tion rates (Swift et al. 1979; Wardle 1992; Ball et al. 2010). Further,
heavier severity fires have strong negative impacts on ground
layer vegetation, particularly rhizomatous dwarf shrubs and grass
species common in boreal forests that can compete strongly with
tree seedlings and impair their performance (Schimmel and
Granström 1996). In many parts of world, low-severity prescribed
fires are used for site preparation or conversion (e.g., to reduce
fuels amount and decreased competition by resident vegetation)
(Vose and Swank 1993; Fries et al. 1997), but our results clearly
indicate that low-severity fires will have limited effects on tree
seedling ecophysiology and thus may not greatly improve growth
rates of establishing seedlings.

In contrast to what we found for medium- and heavy-severity
burns, seedling growth rates were not promoted by our scarifica-
tion treatment (i.e., complete manual top soil removal without

burning). Soils lose the vast majority of their organic humus layer
both following heavy surface burning and after scarification; both
processes allow seedlings ready access to the mineral soil layer.
However, surface burning (but not scarification) additionally
produce charcoal, a material that is known to stimulate soil nitri-
fication (DeLuca et al. 2002; Ball et al. 2010), increase soil temper-
atures (from blackening of soil surfaces), improve soil moisture
retention (but also decrease infiltration), and maintain a more
favorable pH (Christensen and Muller 1975; Mallik et al. 1984;
Zackrisson et al. 1996; Neary et al. 1999; Certini 2005) (Table 2), all
of which are known to improve rates of ecophysiological pro-
cesses (Larcher 2003). Seedlings growing on our scarified plots had
depressed foliar N and P concentrations (which matched the
growth response), whereas conductance rates remained relatively
high, indicative of the role of nutrient limitation in influencing
the growth of seedlings that are establishing on scarified soils. In
congruence with our findings, current forestry practices aim to
improve soil nutrient availability on scarified soils by mounding
or mixing the humus layer with mineral soil (Sutton 1993).

Another outcome of our study was that the overall positive
influence of medium- and heavy-severity burns was much stron-
ger on the open clear-cut than in the closed forest, in support of
our second hypothesis. The complete removal of overhead canopy
(and forest) that occurs after clear cutting inevitably reduces com-
petition for light and soil resources against establishing seedlings
(Aussenac 2000; Skov et al. 2004) and therefore has beneficial
effects in addition to those of heavy surface burning. Indeed, we
found that growth, photosynthesis, respiration, foliar N and P
often had their highest values in open clear-cuts that were sub-
jected to medium or heavy surface-burn treatments (Figs. 1 and 2).
Moreover, surface burning had minimal effects on most of the
measured traits (except growth) under closed canopy conditions
(Figs. 1 and 2), despite having significant effects on soil humus
depth, nutrients, moisture and pH (Table 2). Consequently, our
seedlings were apparently unable to benefit from the improved
soil conditions that follow surface burning, possibly due to the
overriding control exerted by limiting light and temperature con-
ditions under the closed forest canopy. Consistent with this, soil
temperatures were relatively low under the closed canopy forest,
suggesting that reduced temperatures and light intensity due to
the canopy cover may be limiting factors for establishing seed-
lings in forests (Brand 1991).

In Fennoscandian forests, early successional broadleaved spe-
cies such as Betula and Populus often dominate forest stands fol-
lowing fire events, which may be due to differences in their
ecophysiological responses to disturbances relative to that of co-
nifers (Bond 1989). In support of our third hypothesis, ecophysi-
ological traits of the two broadleaved species often benefited
much more from increasing levels of surface-burn severity than
did the traits of the conifers; this was especially apparent for
photosynthetic rate and foliar nutrient concentrations. For Betula
in particular, photosynthetic rates and foliar nutrients were also
highly responsive to open clear-cut conditions, which may help
give this species a considerable ecophysiological advantage over
other species initially following disturbances. Further, Picea dif-
fered from the other species in that under closed canopy condi-
tions it was the only species to have distinctly lower photosynthetic
rates in the scarified and heavier burn-severity treatments than
in the unburned or lower burn-severity treatments (Fig. 1b);
this matches its superior capacity to establish in undisturbed,

Fig. 2. Effect of canopy cover (forest, clear-cut) and surface-burn severity (control, light-burn severity, medium-burn severity, heavy-burn
severity, scarification) on stomatal conductance to water vapor (a), foliar nitrogen (b), foliar phosphorous (c), and specific leaf area (d) (mean ±
1 SE) of two broadleaf tree species (Betula pubescens and Populus tremula) and two conifer tree species (Pinus sylvestris and Picea abies). Within each
group of five bars, different lower case letters indicate significant differences among the surface-burn severity treatments, and across all
panels within each row different capitalized letters indicate significant overall differences among all eight canopy cover × species
combinations following ANOVA (ANOVA results in Table 3).
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late-successional forests (Wardle et al. 2003). Therefore, it appears
that species-specific seedling ecophysiological responses to surface-
burn severity and canopy conditions are important driver of for-
est regeneration patterns, and potentially in driving successional
processes following disturbance.

Our study has many implications for understanding tree seed-
ling ecophysiology and forest regeneration. First, seedling growth
of all species generally responded positively to surface burning,
but only when the fire severity exceeded our light burn treatment
and was at least as severe as our moderate burn treatment. How-
ever, prescribed burns are typically of low severity, and current
forestry practices in Fennoscandian forests seldom use fire to pro-
mote seedling regeneration (Sutton 1993). Therefore, implemen-
tation of prescribed fires could benefit seedling establishment,
but only if severity of surface burning reaches or exceeds a mini-
mum threshold of organic matter combustion, which likely lies
between our light and moderate burn treatments. Second, com-
plete removal of the humus layer and competing vegetation im-
proved seedling growth rates, but only when the removal was
accomplished with burning and not when it was manually re-
moved, thus indicating that the physiochemical effects of fire on
soil properties provide additional benefit for seedling growth.
Finally, the interactive effect of clear-cutting and surface-burn
severity indicates strong limitations of overhead canopy on the
responsiveness of seedling ecophysiological traits to disturbances
including fire. Strategic use of targeted surface burning in stands
with open canopies, such as those that naturally occur in late-
successional forests or in commercially generated canopy gaps in
early-successional forests, may be the most effective means to
enhance seedling establishment in boreal forests.
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