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Abstract Tree growth in most boreal forests is strongly

regulated by temperature and nitrogen (N) availability. The

expected increases in soil temperature and N deposition

over the next decades have the potential to affect the

phenology of tree growth and xylogenesis. To test for these

changes on xylogenesis of balsam fir (Abies balsamea (L.)

Mill), 12 mature trees were subjected to a combination of

experimentally increased soil temperature (?4 �C) with

an earlier snowmelt (2–3 weeks) and N deposition

(3 9 ambient rain N concentrations using NH4–NO3 in

artificial precipitation) over a 3-year period. Increased soil

temperature and atmospheric N deposition had no signifi-

cant effect on the number of tracheids produced (38–51),

tracheid diameter (27.2–29.0 lm) and cell wall thick-

ness (2.5–3.1 lm). For the 3 years of treatment, xylogen-

esis was initiated at minimum and average daily air

temperatures of 0.6 ± 0.5 and 6.5 ± 0.6 �C, respectively,

with inter-annual differences of 17 days in the onset of

xylogenesis. The earlier snowmelt induced by soil warming

did not hasten resumption of xylogenesis, and the time

dynamics of xylogenesis was not affected by higher N

deposition. Our results suggest that soil temperature and

the timing of snowmelt have no direct influence on the

breaking of cambium dormancy in balsam fir. The short-

term effects of increased soil temperature and N deposition

on xylogenesis of mature balsam fir appear to be small

compared with the effects of air temperature and are likely

to be associated with a persistent N limitation.

Keywords Radial/secondary growth � Climate change �
Soil warming � Wood production � Abies balsamea

Introduction

Recent climate model simulations for the Eastern boreal

forest of Canada predict a 3 �C temperature increase by

2041–2060 relative to 1971–1990 (Plummer et al. 2006)

and a 1-month earlier snowmelt by 2050 relative to

1971–2000 (Houle et al. 2012). In N-poor ecosystems like

the boreal forest, the plant response to climate change

could be regulated by N availability (Magnani et al. 2007;

Melillo et al. 2011). By increasing N mineralization rates

and available N, warmer soils could promote growth and C

sequestration in plants (Bronson et al. 2009; Jarvis and

Linder 2000; Rustad et al. 2001; Strömgren and Linder

2002). Atmospheric N deposition is also increasing at the

global scale and this trend is expected to continue in the

next decades (?70 % by 2050; Galloway et al. 2004).

Hence, atmospheric N deposition could contribute an

increasing proportion of the N required for tree growth
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(Magnani et al. 2007) and affect the tree response to cli-

mate change.

Understanding the interaction of additional N inputs

from increased soil temperatures and increased N deposi-

tion is, therefore, of great importance to better predict

forest growth. Results from the most recent studies on

increased N availability suggest a positive effect on plant

growth (Chapin et al. 1995; Hutchison and Henry 2010; Ma

et al. 2011; Majdi and Öhrvik 2004; Mäkipää et al. 1999;

Sager and Hutchinson 2005; Strömgren and Linder 2002;

Zhao and Liu 2009). However, the mechanisms by which

environmental factors affect wood production are not well

understood (Savidge 2000). The volume of wood produced

by a tree in a year is function of the length of growing

season, the rate of cell division and the amount of cell

expansion (Creber and Chaloner 1984). How much each of

these components is affected by increasing soil temperature

and N deposition is unknown, but clues can be found in

studies on the separate effects of N availability and soil

temperature on tree growth. The positive effect of N fer-

tilization on the number of xylem cells produced annually

is well established (Plavcovà et al. 2013; Puech et al.

2000). Improving the N status of trees can also enhance the

size of xylem cells due to increased photosynthetic rates

and the associated increase in transpiration requirements

(Beets et al. 2001; Mäkinen et al. 2002; Roderick and Berry

2001). Thus, the future increase in available N could lead

boreal trees to produce larger xylem cells with thinner

walls, which implies a reduction in the density and possibly

the quality of the wood. Nitrogen fertilization can also

affect the phenology of tree growth. Mitotic activity in the

stem (Hawkins et al. 1995) and in the foliage (Rikala and

Repo 1997) can be prolonged, and bud formation can be

delayed following N fertilization (Bigras et al. 1996).

Warmer soils, on the other hand, could have a negative

effect on plant growth by inducing water stress through

increased evapotranspiration (Rustad et al. 2001). Although

plants could compensate with increased aquaporins activity

in the roots (Maurel and Chrispeels 2001), this could lead

conifers to produce smaller tracheids with thicker cell walls

(Jyske et al. 2010). In addition to the above-mentioned

potential effects of higher available N and warmer soils on

various aspects of xylogenesis, warmer air temperatures

could affect plant growth by inducing an earlier cambium

reactivation in spring. Studies aimed at identifying the

most important environmental factors affecting the onset of

spring growth often found that air temperature was the

most important factor (Begum et al. 2008, 2010; Dufour

and Morin 2010; Gruber et al. 2010). Minimal temperature

thresholds for cambial activity of many conifers were

found to be ranging from 4 to 5 �C (Rossi et al. 2008).

However, how temperature triggers cambium reactivation

remains uncertain. Cell division proceeds extremely slowly

at temperatures below 1–2 �C (Körner 2003). Air temper-

ature could control the supply of some hormones (i.e.

auxin, cytokinin) to the cambium (Fonti et al. 2007).

Alternatively, some have hypothesized that snowmelt

could be the starting signal. In some cold ecosystems, soil

temperature is typically maintained at or below 0 �C during

winter which inhibits water and nutrient uptake (Jarvis and

Linder 2000). Experimentally delayed soil thawing has also

been shown to affect the physiology of Norway spruce

(Picea abies L. Karst.) needles (Repo et al. 2008). Several

studies report cambial reactivation following snowmelt

(Hoch and Körner 2003; Turcotte et al. 2009) and annual

growth has been repeatedly correlated with the timing of

snowmelt (Carrer et al. 2007; Jarvis and Linder 2000;

Kirdyanov et al. 2003; Körner 2003; Vaganov et al. 1999).

Delayed budburst has also been observed in trees subject to

colder soils (Lopushinsky and Max 1990; Repo et al.

2007). However, recent results on the effects of experi-

mental warming of forest soils suggest that soil tempera-

ture is not related to cambial reactivation in black spruce

(Picea mariana (Mill.) Britton, Sterns & Poggenb.; Lupi

et al. 2012a) and Norway spruce (Strömgren and Linder

2002). Whether other species of conifers e.g. Abies spp.

and Pinus spp. respond similarly to soil warming remains

unknown.

In this study, we experimentally increased soil temper-

ature (?4 �C), hastened spring snowmelt (2–3 weeks) and

increased atmospheric N deposition (?50 % of annual

NH4NO3 in incoming precipitation during the growing

season) during three years in a typical mature balsam fir

stand (Abies balsamea (L.) Mill) of Eastern Canada. We

hypothesized that (i) higher soil temperature and N depo-

sition would increase xylem cell production, extend the

duration of xylogenesis and increase the diameter of trac-

heids, and (ii) an earlier snowmelt would not affect the

onset of xylogenesis.

Materials and methods

Study area

The study site is located in the Laurentian Mountains of

eastern Québec, Canada (47�170N; 71�140O; 800 m above

sea level). The 60-year-old even-aged stand is dominated

by balsam fir with some paper birch (Betula papyrifera

Marsh.) and white spruce (Picea glauca (Moench) Voss) as

companion species. Stem density in 2008 was 2,024 tree-

s ha-1 (diameter at breast height C9 cm) and the site index

is 14 m at 50 years. The soil is a Orthic Humo-ferric

podzol (spodosol) with a sandy loam texture. Annual N

deposition (NH4 ? NO3) averages 5.7 kg N ha-1 year-1

(Houle and Moore 2008), while mean annual air
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temperature and precipitation between 1981 and 2006

averaged -0.3 �C and 1,535 mm.

Experimental design

In autumn 2008, three 12 m 9 60 m blocks were laid out

with the long axis perpendicular to the slope with a 12 m

buffer strip in between. Each block was divided into two

24 m 9 12 m subblocks separated by a 12 m 9 12 m

buffer zone. Each subblock was then divided into two

12 m 9 12 m plots. The fertilization treatment was ran-

domly distributed within each block, and the soil warming

treatment was randomly nested within each subblock.

Thus, the buffer zone within each block was set up to avoid

contamination between fertilization treatments. Within

each plot, a balsam fir tree was selected based on a visual

estimation of good health and dominance or co-dominance

in the canopy. The height and DBH of every selected tree

were noted and ranged from 12.9 to 18.1 m and from 14.0

to 22.8 cm, respectively.

Around each experimental tree, heating cables (non-

heating cables for the heating control) were buried in a

spiral pattern 5–10 cm belowground (at the interface

between the organic and the mineral layers) at 0.9–2.5 m

from the base of the tree, with an average distance between

cables of 30 cm. Great care was taken to avoid root dam-

ages and roots [5 mm in diameter were bypassed.

Soil temperature under the canopy of each tree was

measured continuously with thermistors (precision:

±0.2 �C; model 107-L from Campbell Scientific Inc.,

Utah, USA) buried 5 cm belowground between cables.

Dataloggers (CR1000, Campbell Scientific, Inc., Utah,

USA) were used to control the activity of the warming

cables and maintain an average difference of 4 �C on the

basis of projections for the site for the 2070–2100 period

(Houle et al. 2012). To evaluate potential effects of the

burial of cables on the trees water and nutrient uptake,

three nearby non-disturbed trees (control) were also mon-

itored during the entire course of the experiment.

The rain solution used for the N fertilization treatment

(fertilization control and N-enriched) was applied on the

canopy using nozzles set up above each individual tree using

a system of pumps and reservoirs, to simulate how atmo-

spheric N is deposited on forest ecosystems. The composi-

tion of the artificial rain solution was based on the average

ion concentration in incoming precipitation measured at

the site in previous years. Deionized water in which were

added Na (0.046 mg L-1), Ca (0.089 mg L-1), Mg

(0.018 mg L-1), K (0.026 mg L-1), H (0.014 mg L-1), Cl

(0.07 mg L-1) and SO4 (1.01 mg L-1) was used as rain

solution. For the N treatment, 1.0 and 3.4 mg L-1 of NH4
?

and NO3
- were, respectively, added to the solution, which

corresponds to approximately three times the concentrations

measured in the local precipitation. Each year, from mid-

June to mid-September, every tree was simultaneously

subjected to a weekly artificial precipitation of 70 L, sum-

ming to 1.544 g N tree-1 year-1. On rainy days, watering

was rescheduled to the next day.

Weather data

In addition to the soil temperature measured at the site, air

temperature, and snow depth were measured in a clearing

located approximately 200 m from the plots. Temperature

sensors (HMP35CF, Campbell Scientific Inc., USA)

recorded air temperature at a height of 3.3 m, and a sonic

ranging sensor (SR-50, Campbell Scientific Inc., USA) was

used to monitor the thickness of the snowpack. Measure-

ments were made every 15 min and hourly averages

recorded by the data logger (CR-1000, Campbell Scientific

Inc., USA).

From the beginning of spring snowmelt until the first

autumn frost, the average soil temperature in treated plots

was maintained 4.0 ± 0.4, 4.1 ± 0.3 and 3.7 ± 0.9 �C

higher than heating controls in 2009, 2010 and 2011,

respectively (Fig. 1). In 2009, soil warming was started on

April 27 with a remaining snowpack of 0.75 m. A system

malfunction caused an early interruption of the soil

warming in mid-August that year. In 2010, soil heating was

started earlier (March 30) because of a warm spring, with a

snowpack of 0.85 m. The treatment was stopped before the

first freeze–thaw, on October 19. In 2011, the soil heating

was started on May 5 (Fig. 1). The snowpack was then

0.60 m. Two consecutive system malfunctions reduced the

temperature difference to ?2.8 �C from May 17 to June 4

and to ?0.7 �C from August 9 to August 23 that year.

Heating was terminated on October 18 before the first

freeze–thaw events.

Soil water content

Volumetric soil water content (SWC) in the plots was

measured weekly during the snow-free period from 2009 to

2011. Soil water content was measured with a ThetaProbe

ML1 (Delta-T Devices Ltd., Cambridge, England) in 2009

and with a FieldScout TDR-300 device with 20-cm rods

and standard calibration (accuracy: ±3 % vol; Spectrum

technologies Inc., Plainfield, USA) in 2010 and 2011. For

each plot, nine measurements were randomly taken at a

distance of 1.5 m from each tree and averaged.

Sample collection

The effect of treatments on xylogenesis was studied over

3 years (2009–2011) by extracting wood microcores

(2.5 mm in diameter and 20 mm long) weekly from April
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to October from each tree using a Trephor tool (Rossi et al.

2006). The sampling followed an upward spiral starting at

1.3 m aboveground. All samples were taken at least 10 cm

apart to minimize the formation of resin ducts (Forster

et al. 2000). The samples were stored at 4 �C in Eppendorf

microtubes filled with a 10 % ethanol solution for tissue

preservation.

Histological analyses

At the laboratory, the water from the microcores was

removed through successive immersions in ethanol and

HistosolTM and embedded in paraffin according to Rossi

et al. (2006). Transverse sections were cut with a rotary

microtome (6–10 lm in thickness), stained with cresyl

violet acetate (0.16 % in water) after removal of the par-

affin, and observed under visible and polarized light at a

magnification of 400–5009 to differentiate cells in the

cambium and the differentiating xylem.

The number of cambial cells, enlarging cells, wall

thickening cells and mature cells was counted along three

radial files and averaged for every sample of each tree.

Cambial cells were characterized by thin cell walls and less

than half the diameter of enlarging cells. Both cambial and

enlarging cells could be differentiated from other cell

phases by the lack of secondary cell wall, a structure that

shines under polarized light (Kutscha et al. 1975). Cells in

the process of lignification and wall thickening showed

violet and blue walls, the color blue revealing the deposi-

tion of lignin on the cell walls (Thibeault-Martel et al.

2008). Mature tracheids were characterized by completely

blue cell walls.

An additional series of microcores was collected upon

termination of xylogenesis, in mid-October of each year,

and used for additional anatomical measurements. Fol-

lowing the standard preparation procedure described

above, the sections were stained with safranin (1 %) and

numerically photographed with a camera fixed on an

Fig. 1 Average air temperature, soil temperature and differential between heated and heating control plots, and snowpack in 2009, 2010 and

2011. Colored ribbons are standard error. The periods of soil warming are represented by the shaded areas
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optical microscope at a magnification of 4009. Cell and

lumen diameter as well as cell wall thickness were mea-

sured on three radial files per section, including pre-treat-

ment year 2008, using Wincell software (Regent

Instruments Inc.). Tracheids were classified as earlywood

or latewood according to Mork’s formula, where latewood

cells are characterized by a lumen smaller than twice a

double cell wall (Denne 1988).

Model fitting

The cumulative amount of cells produced throughout the

growing season, calculated as the sum of enlarging, wall

thickening and mature cells, was modelled with a Gom-

pertz function (Rossi et al. 2003) for each tree (12) and

each year (3), for a total of 36 models :

Y ¼ Aexp �e b j�tð Þð Þ
h i

where Y is the cumulative amount of cells produced, A is

the upper asymptote, or annual amount of cells produced, b
sets the rate of change, r sets the x displacement, which is

the date when maximal growth rate is reached, and t is the

time computed in day of year (DOY). All regressions had

R2 [ 0.85 and showed a normal distribution of the resid-

uals (Motulsky and Ransnas 1987). The ‘nlm’ procedure

from the R software was used with ordinary least square

method for parameters estimation (R Development Core

Team 2010). The beginning and ending of xylogenesis

were determined as the day when the daily cell production

(Yt –Yt-1) went above and below 0.1 cell day-1, respec-

tively. The duration of xylogenesis was calculated as the

number of days between the onset and termination of cell

production. Maximum growth rate was calculated as the

maximum daily growth. Finally, we averaged the daily

minimal and mean air temperature of the 7 days preceding

the onset of xylogenesis for each tree and each year to

estimate the threshold temperature for the onset of xylo-

genesis at the site.

Statistical methods

A linear mixed-model analysis of variance (ANOVA) with

repeated measures was used to test for the effect of the

warming treatment on soil water content, considering

warming, year and sampling date as fixed factors and block

as a random factor. A similar approach was used to detect

any significant effect of treatments on the phenology of

growth and cell characteristics, considering soil warming,

fertilization and year as fixed factors and block as a random

factor. Strong correlations of pre-treatment growth ring

width (year 2008) were found with the onset of growth

(p = 0.06) as well as with the total number of cells

produced (p \ 0.01). Because pre-treatment growth was

significantly smaller in heated-fertilized trees (p = 0.02;

Table 2), it was used as covariate for the analysis of phe-

nological and productivity parameters when significant at

p \ 0.05. As for the analysis of cellular morphology, no

significant pre-treatment differences were detected, thus no

covariates were included in the models. Similar ANOVA

models were used to compare control trees with experi-

mental trees, this time with cable burial and year as fixed

factors. Data were tested a priori to meet the assumptions

of ANOVA, and Tukey post hoc tests were used to identify

which means differed from one another. Statistical analy-

sis, modelling and plots were done using the R software (R

Development Core Team 2010).

Results

The spring snowmelt was completed on May 16 in 2009

and on May 21 in 2011, but ended 3 weeks earlier in 2010

(April 27) because of warmer temperatures (Fig. 1). For the

period of sampling (May to September), air temperature

averaged 11.1 �C in 2009 compared with 12.5 �C in 2010

and 12.2 �C in 2011 (Fig. 1). In addition to its extended

snow-free period, 2010 was characterized by a growing

season with very low precipitations in August (38 mm

compared to 122 mm in 2009 and 226 mm in 2011, data

not shown). For the May to September period, 2011 was

the wettest year with 747 mm in precipitation, compared to

585 mm in 2009, and 596 mm in 2010. Soil water content

was significantly lower (p \ 0.05) during the 2010 growing

season (20.7 ± 0.2 %) relative to 2009 (28.1 ± 0.3 %) and

2011 (26.6 ± 0.2 %; Fig. 2). Soil water content tended to

be higher in heated plots but the difference was not sta-

tistically significant (p [ 0.05).

Growth dynamics

For all treatment, the cambium averaged five to six cells

prior to the onset of xylogenesis (Fig. 3). The number of
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cambial cells averaged 11 ± 1 at the peak of mitosis in all

treatments except fertilized-only trees with 14 ± 1 cambial

cells. On average, up to 8 ± 1 and 11 ± 1 enlarging cells

could be counted on a single sample in heated and non-

heated trees, respectively (Fig. 3). The mean number of

cells in the phase of wall thickening was 14 ± 2, 19 ± 2,

17 ± 2 and 16 ± 2 in control, fertilized, heated and

heated-fertilized trees, respectively. Overall, fertilized trees

produced the largest number of tracheids with an average

of 68 ± 7 tracheids produced each year, followed by

control (56 ± 6), heated (52 ± 5) and heated-fertilized

(46 ± 5) trees.

The onset, ending and duration of xylogenesis were not

significantly affected by the treatments (Table 1). The

onset of cambial activity occurred significantly later in

2009 (May 29; p \ 0.01) relative to 2010 (May 12) and

2011 (May 21; Table 1). Xylogenesis was initiated at a

minimum daily air temperature of 0.8 ± 0.7, -0.5 ± 0.8

and 1.9 ± 0.8 �C in 2009, 2010 and 2011, respectively,

and at average daily air temperatures of 7.4 ± 0.6,

5.3 ± 1.2 and 7.0 ± 0.8 �C in 2009, 2010 and 2011,

respectively. In 2010, the maximum rate of growth was

reached around June 14, 10 days earlier than in 2009 or

2011 (p \ 0.01; Table 1). Cambial activity was maintained

until September 4 in 2011, significantly later than in 2009

(August 10; p \ 0.01) but similar to 2010 (August 29;

Table 1). The overall period of cambial activity was sig-

nificantly shorter in 2009 (73 days) relative to 2011

(106 days; p \ 0.01) but similar to 2010 (108 days) due to

the high variability measured that year.

Amount of tracheids produced and anatomical

characteristics

There were no statistical differences in the number of

tracheids produced between control trees and experimental

trees (p = 0.98; Fig. 4). Furthermore, the average lumen

diameter and wall thickness did not differ between the two

groups (p C 0.24; Fig. 4). The annual production of xylem

cells was not significantly different between years or

treatments, with a mean annual production ranging from 38

to 51 tracheids (Table 2; Fig. 5). The average tracheid

lumen diameter and wall thickness differed significantly

between years (p \ 0.01; Table 2; Fig. 5) with the average

tracheid diameter displaying a similar trend (p = 0.08).

When considering all treatments together, the tracheid

lumen was significantly reduced in 2010 (21.1 ± 0.6 lm)

relative to 2009 (23.5 ± 0.6 lm; p \ 0.05) while the

year 2011 did not differ from both previous years

(22.9 ± 0.7 lm; Fig. 5). The average cell diameter in 2010

(27.2 ± 0.7 lm) also tended to be smaller than that of

2009 (28.6 ± 0.8 lm) and 2011 (29.0 ± 0.8 lm). The

wall thickness of tracheids tended to be higher in 2011

(3.17 ± 0.03 lm) relative to 2009 (2.70 ± 0.02 lm;

p = 0.08), while that of 2010 was intermediate

(3.12 ± 0.03 lm; Fig. 5).

0
2
4
6
8

10
12
14

0
2
4
6
8

10

0

5

10

15

201120102009
C

am
bi

um
 c

el
ls

E
nl

ar
gi

ng
 c

el
ls

Li
gn

ify
in

g 
ce

lls

control
fertilized (N)
heated (H)
H x N

0
10
20
30
40
50
60

T
ot

al
 c

el
ls

Day of Year

150 200 250 300 150 200 250 300150 200 250 300

Fig. 3 Average number of cambial cells, enlarging cells, wall thickening-lignification cells and total number of cells in control, heated, fertilized

and heated-fertilized balsam fir trees in 2009, 2010 and 2011

Trees

123



The treatments had no significant effect on the average

cell diameter, lumen diameter and cell wall thickness of

tracheids (Table 2) or the ratio of earlywood to latewood

(data not shown). The separate analysis of earlywood and

latewood anatomical characteristics yielded similar results

(data not shown).

Discussion

Initial root disturbance

Soil trenching was necessary to bury the heating and

control cables in each experimental plot. The impact of the

Table 1 Mean values (and

standard error) for phenology

parameters in control, heated,

fertilized and heated-fertilized

balsam fir trees measured in

2009, 2010 and 2011

Probability values from mixed-

model anovas. Significant

p values at p \ 0.05 are in bold.

DOY day of year

Onset of

xylogenesis (DOY)

End of

xylogenesis (DOY)

Duration

(days)

Timing of

maximum growth

rate (DOY)

2009

Control 147 (2) 219 (4) 72 (6) 172 (1)

Fertilized (N) 146 (2) 234 (9) 88 (11) 176 (1)

Heated (H) 144 (1) 228 (9) 84 (10) 174 (2)

H–N 159 (7) 206 (7) 47 (14) 176 (3)

2010

Control 130 (3) 232 (10) 102 (12) 163 (1)

Fertilized (N) 133 (7) 235 (24) 102 (31) 165 (3)

Heated (H) 128 (3) 275 (45) 148 (48) 168 (4)

H–N 136 (3) 221 (13) 85 16) 164 (2)

2011

Control 135 (2) 260 (14) 126 (16) 176 (1)

Fertilized (N) 141 (2) 239 (16) 99 (18) 174 (4)

Heated (H) 146 (2) 241 (7) 96 (6) 176 (3)

H–N 141 (7) 246 (14) 106 (20) 176 (3)

Statistical analysis

Pre-Growth 0.04 0.48 0.29 0.22

Heating (H) 0.51 0.83 0.99 0.32

Fertilization (N) 0.17 0.31 0.23 0.88

H 9 N 0.90 0.26 0.28 0.57

Year (Y) <0.01 <0.01 <0.01 <0.01

H 9 Y 0.63 0.69 0.66 0.92

N 9 Y 0.17 0.73 0.77 0.37

H 9 N 9 Y <0.01 0.05 0.02 0.37
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(black line cable burial) from 2008 to 2011. Vertical bars are standard error. The shaded area represents the period of treatment
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trenching on roots was minimized by running the cable

below or above them. The effect of cable burial should,

therefore, be mostly restricted to fine-roots. The average

fine-root turnover rate in boreal forests is about 1.08 year-1

(Yuan and Chen 2010). Therefore, tree nutrient and water

uptake could have been impaired during the first year of

treatment. Since nutrient availability and xylem cell pro-

duction are usually correlated (Plavcovà et al. 2013; Puech

et al. 2000), the similar growth observed for our control

trees and experimental trees suggests no significant

impairment of nutrient and water uptake capacity. Cell

lumen diameter and wall thickness of many conifers (Abe

and Nakai 1999; Abe et al. 2003; Eilmann et al. 2009;

Gruber et al. 2010; Jyske et al. 2010), including balsam fir

(Rossi et al. 2009), are also known to respond to changes in

water uptake. The fact that these two variables were not

significantly different for our control trees and treated trees

provides further evidence that the initial root disturbance

did not interfere significantly with the response of trees to

the experimental treatments.

Earlier snowmelt and the onset of xylogenesis

The lack of soil heating effect on the spring resumption of

radial growth supports the hypothesis that soil temperature

and the timing of snowmelt have no direct influence on the

breaking of balsam fir cambium dormancy. Similar results

and conclusions were obtained for black spruce (Lupi et al.

2012a) and Norway spruce (Strömgren and Linder 2002)

which suggests that the lack of response to earlier soil

warming and rewetting on the onset of xylogenesis is likely

generalized for conifers of the boreal forest. In our study,

the thick snowpack generally maintained the soil slightly

above the freezing point during the winter (Fig. 1). Other

sites may, however, experience soil frost with concomitant

effects on water availability (Jarvis and Linder 2000). Such

conditions may require that snowmelt and soil thawing

occur for xylogenesis to resume in the spring. If soil tem-

perature and snowmelt are to be rejected as signals for

cambium reactivation, air temperature remains the most

likely triggering factor.

A strong argument for air temperature to be the main

trigger of xylogenesis comes from experiments using arti-

ficial warming applied to parts of the main trunk of a tree.

This treatment induced cell division and xylogenesis at

various degrees for various evergreen conifer species even

when a snow cover was present, (Barnett and Miller 1994;

Gričar et al. 2006, 2007; Oribe et al. 2001, 2003). The

preponderant effect of air temperature on spring growth

onset over other environmental signals has been demon-

strated in many studies (Begum et al. 2008, 2010; Des-

lauriers et al. 2008; Dufour and Morin 2010; Gruber et al.

2010). The recent analysis of cambial activity in conifers

located at their latitudinal or altitudinal distribution limits

Table 2 Probability values of

the mixed-model anovas applied

to the number of tracheids

produced annually and their

anatomical characteristics

For the analysis of the amount

of tracheids produced, pre-

treatment growth (2008) was

used as covariate. Significant

p values at p \ 0.05 are

indicated in bold

N cells Cell diameter

(lm)

Lumen diameter

(lm)

Wall thickness

(lm)

Previous <0.01 – – –

Heating (H) 0.41 0.28 0.40 0.27

Fertilization (N) 0.75 0.89 0.93 0.62

H 9 N 0.12 0.39 0.55 0.34

Year (Y) 0.16 0.08 <0.01 <0.01

H 9 Y 0.99 0.03 0.03 0.51

N 9 Y 0.56 0.55 0.79 0.15

H 9 N 9 Y 0.95 0.61 0.51 0.68

Fig. 5 Average number of tracheids, cell diameter, lumen diameter

and wall thickness for control (dotted gray line), heated (dotted black

line), fertilized (full gray line) and heated-fertilized balsam fir trees

(full black line) from 2008 to 2011. Vertical bars are standard error.

The shaded area represents the period of treatment
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has revealed the existence of threshold air temperatures for

radial growth of 5.6 and 8.5 �C for Swiss stone pine (Pinus

cembra L.) and Norway spruce, respectively (Rossi et al.

2007), of 8.2 �C for Bosnian pine (Pinus leucodermis

Antoine; Deslauriers et al. 2008), and minimal and average

daily temperatures of 4–5 and 8–9 �C, respectively, for

seven conifer species (balsam fir, European larch, Swiss

stone pine, Scots pine, Bosnian pine, mountain pine and

Norway spruce) at ten sites in Italy, Slovenia, Canada and

Finland (Rossi et al. 2008). Relative to these last threshold

values, xylogenesis at our site started at lower minimum

and average daily temperatures of approximately 1 and

6 �C, respectively. These lower threshold temperatures

could be explained in part by the different methodological

approaches used to calculate the threshold values, as no

logistic regressions were used in the current study to pro-

duce these numbers.

The comparison of naturally contrasting years in terms

of temperature can give clues as to the growth phenology

of a given tree species in a warmer world. In the current

study, May 2010 was 1.1 �C warmer than the average for

1970–2008, while May 2009 was 2.2 �C colder. In 2010,

cambial derivatives resumed differentiation 17 days ear-

lier than in 2009. This result highlights the importance of

air temperature for the onset of xylogenesis at our study

site. Similar results have been obtained in Europe, where

a warmer spring (?2.6 �C) induced a 20-day advanced

onset of radial growth in Bosnian pine (Deslauriers et al.

2008).

The effect of increased soil temperature and N

deposition

The average five to six cells measured in the dormant

cambium in our study are consistent with the range of

values observed in other balsam fir trees of Eastern Canada

(Riding and Little 1986; Thibault-Martel et al. 2008). Upon

cambial reactivation, trees from the current study produced

1.6–2 times the number of differentiating xylem cells than

balsam fir trees growing in a colder and dryer boreal stand

of Québec, Canada (Deslauriers et al. 2003), although the

overall number of tracheids produced (38–51) was not

higher than the mean number of tracheids observed in

balsam fir trees from the colder site (Deslauriers and Morin

2005; Rossi et al. 2003). Because the cell division rates in

the cambium are mainly driven by temperature (Körner,

2003), the warmer temperature at the study site could

explain that a higher number of cells were differentiating

simultaneously although the total number of cells produced

was the same. The phenology of growth was also similar to

previous studies, with xylogenesis starting in early to late

May (Deslauriers et al. 2003; Thibeault-Martel et al. 2008)

and ending in late August (Deslauriers et al. 2003).

Contrary to our hypothesis, neither treatment signifi-

cantly affected the course of xylogenesis, the number of

tracheids produced or their anatomy. The application of

similar treatments to black spruce trees in Québec also

yielded no effects on the number of tracheids produced

although increases in cell wall thickness were noted (Lupi

et al. 2012b). The combination of increased CO2 and air

temperature in a pine-birch forest of Norway also produced

no significant effect on the number of cells (Rasmussen

et al. 2002). It was suggested that the availability of N

limited the response to increased CO2 and air temperature.

In our study, we hypothesized that the heating treatment

would affect xylogenesis through its effects on N miner-

alization/availability and water availability. However, the

effects of the treatments on soil inorganic N at our site were

negligible (D’Orangeville et al. 2013). Although current

forest carbon models predict positive effects from similar

treatments on tree growth (Mäkipää et al. 1999), boreal

forest soils are known to immobilize a large fraction of N

inputs at the expense of the aboveground vegetation (Berg

and Dise 2004; Friedrich et al. 2011; Houle and Moore

2008; Nadelhoffer et al. 1999). The existence of such N

sinks at the study site was confirmed with a short-term 15N

isotopic pool dilutions approach, as almost all of the NH4

and NO3 made available in the forest floor was immobi-

lized in less than a day (Ste-Marie and Houle 2006).

Alternatively, balsam fir trees have been shown to intercept

with their canopy a fraction of the nutrients deposited from

the atmosphere, thereby avoiding soil competition (Houle

et al. 1999). However, the lack of effects from 3 years of

increased N deposition on xylogenesis suggests that this

nutritional pathway has a limited effect on radial growth of

balsam fir.

As for water, soil warming did not decrease its avail-

ability in the soil. The size of tracheids and the thickness of

their wall usually respond to water stress (Beth Kirkham

et al. 1972; Deri Tomos et al. 1989). Balsam fir is no

exception, as the smaller lumen diameter and thicker walls

of tracheids produced in 2010 are probably linked to the

reduced water availability measured that year. However, no

anatomical changes were detected in the tracheids wall

thickness or lumen diameter of trees in heated plots, which

confirms the absence of a water stress caused by the

treatment. Although control trees did not display any signs

of water deficiency in 2010 based on their xylogenesis, we

cannot exclude that the additional irrigation applied evenly

in all plots limited the negative impact of the 2010 water

shortage as well as the higher soil temperature forcing on

evapotranspiration rates.

Considering the realistic scenarios of increased soil

temperature and N deposition used in our study and the

lack of effect they had on the number of tracheids produced

and their anatomical characteristics, the potential changes
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in future xylogenesis—and hence on radial growth—due to

higher N uptake could be smaller than expected for similar

boreal forests. The absence of effects from the combination

of increased soil temperature and N deposition in the cur-

rent study does not exclude that effects could arise on the

longer term in the presence of co-occurring changes in

other climatic variables such as increased air temperature,

reduced water availability and increased CO2 concentra-

tions (Bonan 2008). In addition, it should be noted that due

to the high variability of the stand under study, our capacity

to detect significant treatment effects would have benefited

from a larger sample size.

Conclusions

The earlier warming and rewetting of soil in the spring did

not hasten the differentiation of xylem cells of balsam fir.

This study supports the hypothesis that air temperature is

the main trigger of cambial cell differentiation in conifers.

The limited response of xylogenesis of balsam fir to the

realistic scenario of increased soil temperature and N

deposition used in our study suggests that the impact of

these two components of global change could be small for

this species in the short-term. The influence of soil tem-

perature on radial growth could, therefore, be limited to

indirect effects on available soil nutrients which are more

likely to respond significantly on more productive sites.
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Ma LN, Lü XT, Liu Y, Guo JX, Zhang NY, Yang JQ, Wang RZ

(2011) The effects of warming and nitrogen addition on soil

nitrogen cycling in a temperate grassland, northeastern China.

PLoS ONE 6:e27645

Magnani F, Mencuccini M, Borghetti M, Berbigier P, Berninger F,

Delzon S, Grelle A, Hari P, Jarvis PG, Kolari P, Kowalski AS,

Lankreijer H, Law BE, Lindroth A, Loustau D, Manca G,

Moncrieff JB, Rayment M, Tedeschi V, Valentini R, Grace J

(2007) The human footprint in the carbon cycle of temperate and

boreal forests. Nature 447:849–851
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