
Plant and Soil 250: 49–57, 2003.
© 2003 Kluwer Academic Publishers. Printed in the Netherlands.

49

A cyclical but asynchronous pattern of fine root and woody biomass
production in a hardwood forest of southern Quebec and its relationships
with annual variation of temperature and nutrient availability
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Abstract

In contrast to the well-documented seasonal variation in growth of below- and above-ground components of trees,
the annual variation in below- and aboveground production is not well understood. In this study, we report on the
monitoring of an unmanaged hardwood forest ecosystem in a small watershed of southern Quebec between 1993
and 1999. Below- and above-ground biomass production, leaf and soil solution chemistry, and air temperature
were measured at different regular intervals and are reported on an annual basis. The objective of the study was
to describe the annual dynamics of carbon partitioning between below- and above-ground tree components and to
gain a better understanding of the soil and climatic factors that govern it. Fine root production peaked one year
earlier than woody biomass production and years with high production of fine roots had low woody biomass pro-
duction. All models that included May temperature in the calculation of the predicting/independent variables were
significant predictors of total tree biomass production (r > 0.87). Fine root production was associated negatively
with the previous year average growing season temperature (r < −0.84). Soil solution NO−

3 , NH+
4 and NO−

3 +
NH+

4 concentrations were positively correlated with fine root production (r > 0.72) and negatively correlated with
woody biomass production (r < −0.84). Leaf N and P concentrations were negatively correlated (r = −0.99
and r = −0.98, respectively) with fine root production for the period of 1994–1998. Our results suggest that a
cool growing season, and in particular a cool month of October, is likely to result in low fine root production and
nutrient uptake the following year and, therefore, to increase soil N availability and decrease leaf N. This initial
response is thought to be the first step of a feedback loop involving plant N nutrition, soil N availability, fine root
growth and aboveground biomass production that led to a cyclical (3–4 years) but asynchronous production of fine
roots and aboveground biomass production.

Introduction

The seasonal pattern of root and stem growth in hard-
wood forests of eastern Canada and northeastern USA
is relatively well known. Fine root production usually
resumes before or during leaf expansion in the spring
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(Burke and Raynal, 1994; Fahey and Hughes, 1994;
Hendrick and Pregitzer, 1993; Lyr and Hoffmann,
1967), typically peaks in late spring to early summer
(Hendrick and Pregitzer, 1992, 1996; McClaugherty
et al., 1982), and usually stops or decreases rapidly
with leaf fall in autumn (Burke and Raynal, 1994; Fa-
hey and Hughes, 1994; Hendrick and Pregitzer, 1996).
Growth in diameter and height typically resumes with
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leaf expansion, peaks early in the growing season for
height in fixed-growth species, and diameter growth
usually stops with the onset of leaf senescence or leaf
fall in late summer or autumn (Kozlowski et al., 1991).

Factors affecting aboveground biomass production
have been studied extensively. Numerous studies in
dendroclimatology have linked diameter growth to
various climatic variables (e.g. monthly, seasonal or
annual temperature or precipitation) of current and
previous year (Rubino and McCarthy, 2000; Za-
rnovican, 2000). For the most part, the growth re-
sponse to climatic variables seems to be site-specific.
One exception could be made for the prevalent neg-
ative effect of severe/prolonged droughts on tree dia-
meter growth (Abrams et al., 1998; Brooks et al.,
1998; Lebourgeois, 2000; Rolland et al., 2000;
Ruffner and Abrams, 1998; Splechtna et al., 2000).
Both temperature and precipitation regime have a
strong influence on soil fertility which in turn affects
root growth dynamics. Canadian forests growing on
recently glaciated sites have been shown to be gener-
ally N-limited (Krause et al., 1987). Recent evidence
suggests, however, that many forests of northeastern
America could be becoming limited by other nutrients
such as K (Bernier and Brazeau, 1988), Ca (Moore et
al., 2000) and Mg (Horsley et al., 2000).

Numerous factors are known to affect root growth
dynamics. Soil temperature is a key variable for root
growth with minimum and optimum temperatures of
most temperate woody trees ranging from 0 to 5 ◦C,
and 20 to 25 ◦C, respectively (Kozlowski et al., 1991).
The fact that substantial root growth can occur early
in spring when soil temperature is low (Côté et al.,
1998; Kuhns et al., 1985; Morrow, 1950; Taylor
and Dumbroff, 1975) suggests that other factors, such
as soil nutrients and water, or internal physiological
processes are controlling the dynamics of root pro-
duction. Root growth generally responds positively
to increased water availability when soil temperature
is conducive for growth (Bartsch, 1987; Bevington
and Castle, 1985; Kuhns et al., 1985; Teskey and
Hinckley, 1981). As for soil fertility, root growth has
been widely referenced to respond positively to soil-P
fertility and negatively to soil-N fertility (Tisdale et al.,
1985). Such a response, however, has been established
mainly in agricultural and horticultural systems where
soil fertility is usually determined by the episodic
application of fertilizers. The relationships between
available soil-P and soil-N, and root growth in unman-
aged deciduous hardwood forests, where soil fertility

depends on natural cycling of elements, may not be as
clear (Burke et al., 1992; Côté et al., 1998).

In contrast to the well-documented seasonal vari-
ation in growth of below- and above-ground com-
ponents of trees, the annual variation in below- and
above-ground production is not well understood. Few
field studies have considered concomitantly root and
stem growth, and the external and internal factors
that control them. The production of above-ground
biomass can be higher when root production is low
(Axelsson and Axelsson, 1986) and be asynchronous
with fine root production (Côté et al., 1998). Given
the high demand for nitrogen during the production
of new foliage, it is possible that the above-/below-
ground source/sink relationship is modified by the
availability of soil nitrogen. Seasonal carbon alloca-
tion pattern in sugar maple was shown to be associated
with soil nitrogen availability (Burke et al., 1992)
whereas carbon allocation to roots of black spruce
seedlings was mediated by foliar N (Campagna and
Margolis, 1989). Through its effect on both soil N
and leaf N, elevated atmospheric deposition was re-
cently suggested as a condition that could decrease
forest fine root biomass but stimulate their turnover
and production (Nadelhoffer, 2000).

In this study, we report on the monitoring of an
unmanaged hardwood forest ecosystem in a small wa-
tershed of southern Quebec between 1993 and 1999.
Below- and above-ground biomass production, leaf
and soil solution chemistry, and climatic variables
were measured at different regular intervals and are
reported on an annual basis. The objective of the study
was to describe the annual dynamics of carbon parti-
tioning between below- and above-ground and to gain
a better understanding of the soil and climatic factors
that govern it.

Materials and methods

Study site

The study site is located in the Hermine watershed at
the Station de Biologie des Laurentides of Université
de Montréal, Québec, in the Lower Laurentians, 80
km north of Montréal (45◦50′N, 74◦01′W). Thirty-
year average precipitation at the station is 1100 mm,
with 30% falling as snow. Mean annual temperature
is 3.6 ◦C. The forest has a mean basal area of 28 m2

ha−1. The lower slope is dominated by sugar maple
(Acer saccharum Marsh.) with more than 90% of the
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total basal area. The proportion of red maple (Acer
rubrum L.) increases with elevation and peak around
50% in some upper slope plots. Part of the topmost
section of the southern hillslope is dominated (>50%
total basal area) by paper birch (Betula paryrifera
Marsh.), yellow birch (Betula alleghaniensis Britt.),
and largetooth aspen (Populus grandidentata Michx.).
Beech (Fagus grandifolia Erhr.) is omnipresent in the
watershed but accounts for less than 10% of the total
basal area. The bedrock is Precambrian anorthosite
of the Morin series. The soils at the site are sandy
loams derived from well to imperfectly drained rocky
glacial till with a mineral composition similar to that
of the anorthosite. The forest floor is a moder humus
form and the soils are classified as Orthic Humo-Ferric
Podzols and Gleyed Ferro-Humic Podzols (Expert
Committee on Soil Survey of Agriculture Canada,
1987). One commercial harvest can be documented
in the area, but operations were executed so that only
large trees were harvested (Savage, 2001). Traces of
charcoal in the watershed suggest a fire. In the lower
Laurentians of Quebec, many hardwood stands typical
of the climax of sugar maple forests were disturbed by
fire in the mid-1920s and this led mostly to the estab-
lishment of largetooth aspen and yellow birch (Lortie,
1979).

Sampling

In September of 1993, nine plots representative of the
different forest types of the forest mosaic created by
the fire were selected. Plots were 300 m2 and covered
together approximately 10% of the whole surface area
of the southern slope of the watershed. All trees with
a stem diameter greater than 9 cm at 1.3 m above-
ground within a plot were measured for their diameter
at breast height (DBH). The height of at least ten trees
per species was determined and used to model tree
height with DBH as the independent variable.

In each plot, five or six dominant or co-dominant
trees representative of the species found in the plot
were marked and sampled in mid-August of each year
for the determination of leaf chemistry. Sampling was
done with a 15-m telescopic pole-pruner. Leaves ex-
posed to direct sun light and located in the upper half
of the canopy were sampled. Thirty to forty leaves
from 2 to 3 branches were collected and stored in
paper bags in the field before drying at 65 ◦C for 48
h. Leaf nutrient concentrations were determined from
analyses on H2O2–H2SO4 digested samples (Allen,
1989) with a Technicon AutoAnalyzer for N and P,

and by atomic absorption spectrophotometry (Perkin-
Elmer model 2380) for K, Ca and Mg. Variation in
tree nutrient status was based on the means of con-
centrations of all trees sampled in the watershed for
individual years.

Litterfall was collected within each plot using five
0.25 m2 traps. Litter sampling was done on a monthly
basis during spring and summer, and every two weeks
in the fall from 1994 to 1997. Shortly after collection,
litter samples were oven-dried for 48 h at 65 ◦C and
then weighed for later determinations of annual litter
mass production.

One mini-rhizotron was installed in June 1993 in
each of the nine sampling sites. The rhizotrons were
installed vertically to a depth of 30 cm from the soil
surface and consisted of large 10-cm diameter PVC
tubing in which thirty holes (1.25 cm dia.) had pre-
viously been drilled to allow roots to penetrate. A
30-cm length of small 5-cm diameter PVC tubing was
then placed inside the 10-cm tubing, and the space
between the two tubes was filled with washed silica
sand (0.15 mm). Sampling consisted of removing the
5-cm tube while leaving the 10-cm tube undisturbed
in the ground; this caused the silica sand to fall inside
the 10-cm tube. Roots that had grown into the inter-
space were then collected and the remaining sand was
removed. As such, the method used is equivalent to
an ingrowth core method. The narrow tube was then
placed inside the wide tube as before, the gap between
the two tubes filled with new sand and the rhizotron
was left until the next sampling date. The sampling
was done twice a year in early May before leaf ex-
pansion and late in the fall when soil temperature was
less than 1 ◦C. The harvested roots were brought to the
laboratory where they were washed free of sand, dried
at 65 ◦C for 48 h and weighed. To eliminate the bias
caused when a coarse root occasionally penetrated a
rhizotron, roots ≥1 mm dia. were removed before
weighing. Rhizotrons were sampled in October 1993
to ensure that roots sampled in May 1994 would be
roots produced in the weeks preceding that sampling.

Zero-tension lysimeters were installed in each plot
in September of 1993 below the LFH forest floor (0
cm) according to the procedure described by Hender-
shot and Courchesne (1991). From 1994 to 1997, soil
solutions were collected every 2 weeks from June to
September and every 4 weeks in 1999. Soil solution
samples were filtered through 0.4 µm polycarbonate
membranes within 24 h after collection and stored
at 4 ◦C until analysis. Soil solution chemistry was
determined with atomic absorption/emission spectro-
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photometry for K+, Ca2+, Mg2+, and by ion chroma-
tography (Waters) for NO−

3 and NH+
4 . Mean annual

concentrations were determined as arithmetic means
of all concentrations for individual years.

Daily air temperature data were obtained from
Environment Canada for the weather station of Saint-
Hippolyte located in the Station de Biologie of Uni-
versité de Montréal. This weather station is located
about a kilometer away from the study site. Climatic
variables were averages of different combinations of
monthly averages of air temperature for the months of
May through October (growing season) of the current
and previous year’s growth.

Biomass calculations and statistics

Large root and stem biomass of individual trees were
determined with the allometric equations used in the
forest growth model JABOWA II version 1.1 (Botkin,
1989). Large root and stem biomass per plot was
determined by summing up the biomass of all trees
greater than 9 cm in diameter and extrapolating to a
hectare basis; mean annual production of large root
and stem biomass was determined by calculating the
average difference in biomass production of individual
plots between consecutive years (n = 9). Because
stem biomass determination was based on tree dia-
meter of dormant trees after leaf fall, leaf biomass
production was measured as litterfall biomass produc-
tion. Litter production by plot was calculated as the
mean of all 5 traps per plot and mean annual litter
production was calculated as the average of the plots
(n = 9). Annual variation in leaf litter production was
small (about 5%) and litter collection was therefore
discontinued in 1998.

The rate of small root (<1 mm in diameter) pro-
duction measured in the rhizotrons was extrapolated to
a hectare basis by assuming a stone-free soil to a depth
of 30 cm, and a fine root production in the rhizotron
proportional to the area of the holes relative to the total
surface area of the 10-cm pipe. Mean annual small root
production was calculated as the mean of all rhizotrons
for each year of sampling (n = 9).

Relationships among air temperature variables,
leaf chemistry, soil solution chemistry and growth of
the different tree components were assessed with Pear-
son correlation coefficients. Annual precipitation and
its distribution pattern were also considered but yiel-
ded non-significant relationships and, therefore, are
not reported. Delayed responses of some growth para-
meters and leaf and soil chemistry were assessed with

Figure 1. Annual variation for the period of 1994–1999 of: (A)
mean of June, July, August, September and October (JnJlASO)
temperature of the previous year and fine root production, (B) mean
of June, July, August and September (JnJlAS) temperatures and
wood biomass production, and (C) mean May temperature and total
biomass production.

distributed lags analysis by computing polynomial dis-
tributed lags. Statistics were calculated with Statistica
(StatSoft, 1994) for a probability level of 5% unless
otherwise stated.

Results

Temporal variation of growth parameters

Fine root production was highest in 1994 and 1998,
and lowest in 1996 and 1999 (Figure 1A). Woody bio-
mass production was high in 1995 and 1996, highest
in 1999, and lowest in 1994 and 1997 (Figure 1B).
Total biomass production was high in 1998 and 1999
and lowest in 1997 (Fig 1C). Comparison of temporal
variation of fine root and woody biomass production
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Figure 2. Annual variation for the period of 1994–1999 of: (a)
woody biomass production and fine root production and b) leaf N
concentration and soil solution NH+

4 + NO−
3 .

Table 1. Summary of analysis of polynomial distribution lags
between some combinations of fine root biomass production,
woody biomass production, leaf N and soil solution N (n = 6)

Independent Dependent Lag Regression t-value Prob.
variable variable coefficients

(years)

Fine root biomass Woody biomass 0 0.21 1.0 0.38
1 0.86 4.8 0.02

Fine root biomass Leaf N conc. 0 2.2 1.7 0.19
1 2.2 1.9 0.15

Soil NH+
4 + NO−

3 Fine root biomass 0 0.44 6.9 0.006
1 0.13 2.5 0.09

shows that: (a) woody biomass peaked one year after
fine root production or that fine root production peaked
one year earlier than woody biomass production (Fig-
ure 2 and Table 1), and (b) years with high production
of fine roots had low woody biomass production and
vice versa (Figure 2).

Air temperature

Growing season temperature (June through Septem-
ber (JnJlAS)) showed small annual variation with low
mean temperature being recorded in 1994 and 1997
and highest temperature in 1999 (Figure 1B). May

Table 2. Pearson correlation coefficients between mean
monthly temperatures and annual production of total biomass
(leaf+wood+fine roots), woody biomass (wood + bark) and fine
roots (<1 mm)

Mean temperature Total biomass Woody biomass Fine roots
(◦C) r Prob. r Prob. r Prob.

Current year

May (M) 0.96 0.002 0.62 0.19 0.22 0.67
June (Jn) 0.03 0.95 0.51 0.30 0.45 0.37
July (Jl) 0.63 0.18 0.71 0.12 0.10 0.82
August (A) 0.45 0.37 0.52 0.29 0.22 0.67
September (S) 0.48 0.33 0.74 0.09 0.40 0.43
October (O) 0.30 0.57 0.35 0.50 0.65 0.17
MJn 0.94 0.005 0.75 0.08 0.08 0.89
MJnJl 0.92 0.009 0.79 0.06 0.03 0.95
MJnJlA 0.87 0.02 0.79 0.06 0.04 0.93
MJnJlAS 0.90 0.02 0.85 0.03 0.10 0.85
MJnJlASO 0.94 0.006 0.74 0.09 0.05 0.92
JnJl 0.40 0.43 0.68 0.14 0.30 0.57
JnJlA 0.50 0.32 0.74 0.09 0.33 0.52
JnJlAS 0.76 0.08 0.97 0.002 0.36 0.49
JnJlASO 0.83 0.04 0.75 0.09 0.05 0.92

Previous year
May 0.12 0.82 0.81 0.15 –0.61 0.20
June –0.02 0.97 0.26 0.62 –0.42 0.40
July –0.28 0.58 –0.07 0.90 –0.37 0.47
August –0.41 0.42 –0.01 0.98 –0.40 0.43
September 0.09 0.86 0.37 0.47 –0.15 0.78
October –0.03 0.95 0.66 0.16 –0.85 0.03
MJnJlASO –0.06 0.91 0.65 0.17 –0.92 0.009
JnJlAS –0.22 0.68 0.10 0.84 –0.84 0.04
JnJlASO –0.17 0.75 0.55 0.26 –0.96 0.003

temperature showed higher annual variation than any
other month or combination of months with a max-
imum in 1998 and a minimum in 1997 (Figure 1C).
All models that included May temperature in the cal-
culation of the predicting/independent variables were
significant predictors of total tree biomass production
(Table 2); May temperature alone was however the
model with the highest r values (Table 2, Figure 1C).
Most combinations of other monthly temperatures did
not yield significant models for total tree biomass
production (Table 2). Two models were significant
predictors of woody biomass production (Table 2):
mean monthly temperatures of May through Septem-
ber and of June through September (Figure 1). Fine
root production was only associated negatively with
the previous year temperature of October or of the
previous growing season (May through October, June
through September and June through October) (Table
2, Figure 1A).
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Table 3. Pearson correlation coefficients between annual produc-
tion of total biomass (leaf+wood+fine roots), woody biomass
(wood + bark) and fine roots (<1 mm), and leaf (n = 6) and
soil variables (n = 5)

Leaf/soil solution Total biomass Woody biomass Fine roots
chemistry

r Prob. r Prob. r Prob.

Leaf
N –0.55 0.26 –0.36 0.49 –0.26 0.63
P –0.68 0.14 –0.04 0.94 –0.65 0.16
K –0.24 0.64 –0.36 0.49 0.03 0.96
Ca 0.08 0.88 0.60 0.21 –0.38 0.46
Mg 0.27 0.60 0.26 0.62 0.16 0.76
Mn 0.18 0.73 0.56 0.25 –0.21 0.69

Soil solution

NH+
4 –0.50 0.39 –0.87 0.055 0.72 0.17

NO−
3 –0.14 0.82 –0.84 0.07 0.89 0.04

NH+
4 + NO−

3 –0.32 0.60 –0.91 0.03 0.87 0.055

Table 4. Annual variation in leaf nutrient concentrations of sugar
maple between 1994 and 1999 (mean ± SE, n = 27)

Year N P K Ca Mg Mn
(mg g−1)

1994 18.4±0.4 1.0±0.03 5.7±0.2 8.3±0.3 1.3±0.05 0.83±0.06
1995 19.2±0.5 1.1±0.03 6.6±0.2 7.5±0.4 1.2±0.06 0.84±0.07
1996 20.0±0.4 1.2±0.02 6.7±0.2 8.4±0.5 1.1±0.05 0.91±0.07
1997 19.5±0.3 1.1±0.01 6.6±0.2 8.3±0.3 1.2±0.05 1.03±0.07
1998 18.4±0.4 1.0±0.02 6.3±0.2 8.4±0.5 1.2±0.05 1.04±0.08
1999 17.3±0.3 1.0±0.02 4.9±0.2 10.2±0.4 1.3±0.06 1.12±0.09

Soil solution and leaf nutrients

Soil solution NO−
3 , NH+

4 and NO−
3 + NH+

4 concen-
trations were highest in 1994 and 1998 and lowest in
1996 and 1999 (Figure 2B for NO−

3 + NH+
4 only). Soil

solution NO−
3 , NH+

4 and NO−
3 + NH+

4 concentrations
were positively correlated with fine root production
and negatively correlated with woody biomass produc-
tion (Table 3, shown in Figure 2B for NO3 + NH4
only). Soil solution concentrations of Ca2+, Mg2+,
K+ and H+ were not significantly related with any
growth parameters (data not shown).

Leaf N (Figure 2B) and P were highest in 1996
and lowest in 1999. Both leaf N and P concentra-
tions were negatively correlated (r = −0.99, p <

0.002 and r = −0.98, p < 0.003, respectively)
with fine root production for the period of 1994–
1998 but not for 1993–1999 (Table 3); leaf N was
also negatively correlated with soil solution NO−

3 +

NH+
4 (r = −0.86, p < 0.06). Foliar K and Ca showed

less gradual variation than N, P and Mg (Table 4), the
former showing marked differences in 1999 with K
being lowest and Ca being highest. No significant cor-
relation was observed between leaf K, Ca and Mg, and
growth parameters for the 1994–1999 period (Table 3).

Discussion

Total biomass production was high in 1998 and 1999
and was associated with high growing season tem-
peratures, particularly high May temperatures. In the
boreal forest of Canada, growth has been observed
to be higher (Black et al., 2000) and the annual car-
bon balance to be positive (Frolking et al., 1996) in
years with early spring that resulted in longer growing
seasons. High rates of photosynthesis coupled with re-
latively low rates of respiration early in the growing
season are thought to be responsible for these effects.
Our results suggest that forest growth at the Hermine
Watershed is also limited by low temperature particu-
larly early in the growing season. Such a relationship
may not have been observed if basal area or tree ring
increments had been measured instead of total bio-
mass production. Indeed, fine root production and
woody biomass production contributed large but vari-
able amounts to total annual biomass production and
they usually peaked in different years. This resulted
in temporal variation in total biomass production that
differed from that of individual growth components.

Woody biomass production (stem+large roots) was
less dependent on high May temperature than total
biomass production. Woody biomass production is
strongly dependent on radial growth. In a previous
study, the rate of radial growth (mm day−1) was found
to be higher with higher growing season temperat-
ure (Côté et al., 1998). The monitoring of dendro-
meter bands at our site (data not shown) also re-
vealed that diameter growth typically begins in late
May to early June and becomes undetectable in Au-
gust or September. These observations provide strong
evidence for causal relationships between high over-
all summer/growing season temperatures (i.e. June
through September; JnJlAS) and woody biomass pro-
duction.

Fine root production was not related to any current-
year climatic variable. This is in contrast with the
common observation that roots of most species usu-
ally show increased rates of growth with temperature
even at higher temperatures than normally observed in
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the field (Kozlowski et al., 1991). Instead, fine root
growth was correlated negatively with the mean tem-
perature of the previous year growing season. Such a
relationship suggests a rather indirect or delayed effect
of temperature on fine root growth dynamics. Since
fine root growth was positively associated with soil
solution NO−

3 and NH+
4 concentrations, it is likely that

May temperature had a significant effect on soil pro-
cesses controlling soil solution N. The combination of
fine root production being negatively correlated with
leaf N and with previous-year growing season tem-
perature (JnJlASO), while being positively correlated
with current-year soil solution NO−

3 , suggests that a
cool growing season results in low nutrient uptake and,
therefore, results in low leaf N and increased availab-
ility of NO−

3 and NH+
4 in soil solution the following

year. Both the increased availability of soil solution
N and low tree N-status could then trigger increased
production of fine roots through feedback mechanisms
and, therefore, increase N uptake and leaf N of trees.

This proposed mechanism suggests that any envir-
onmental factors that would result in increased soil
solution N and/or low leaf N could have the same ef-
fect as a cool growing season. Severe droughts and
soil frost that result in increased mortality of easily
decomposed fine roots but at the same time result in
reduced nutrient uptake (Boutin and Robitaille, 1995),
insect epidemics that reduce leaf area but at the same
time accelerate nutrient cycling while reducing nutri-
ent uptake through reduced transpiration are factors
that could generate high soil solution N and, there-
fore, induce an increase in fine root production. Such
a strategy would not only contribute to the survival of
the trees/forest on the short term but would also con-
tribute to the conservation of soil nutrients on the long
term.

The concomitant monitoring of above- and below-
ground tree components revealed a 1-year lag in
woody biomass production relative to fine root pro-
duction. This suggests that fine root growth is not only
linked to soil solution N and potentially to leaf N but
also to carbon partitioning within the plant. Consid-
eration of this additional factor leads us to propose
a feedback loop in which: (1) low leaf N and high
soil solution N as observed in 1994 initially trigger
increased production of fine roots; (2) more fine roots
increase uptake of soil solution N; (3) more N uptake
increases leaf N (p = 0.15 for lag of one year) but
lowers soil solution N; (4) low soil solution N coupled
with high leaf N trigger a decrease in fine root produc-
tion and an increase in above-ground production; (5)

decreased fine root production lowers uptake of soil
solution N; (6) low N uptake then leads to a decrease
in leaf N (potentially deficient levels) and an increase
in soil solution N; (7) such a condition again triggers
higher fine root production and, therefore, completes
the feedback loop. Close examination of the temporal
variation in growth components and variables likely
associated with them (Figures 1 and 2) suggests that
this series of feedback mechanisms could result in
more or less cyclic variation with a duration of 3 to
4 years based on the time elapsed between minim-
ums and maximums of woody and fine root biomass
production for the period examined at our site. Given
the nature of this plant-soil system that is governed
by deterministic growth processes which are in turn
dependent on factors that are oscillating and chaotic
in nature, such as air temperature (Lean and Rind,
1998) and possibly precipitation, the concept of de-
terministic chaos could be useful in getting a better
understanding of the dynamics of tree growth, leaf and
soil chemistry, and climate system (Stone and Ezrati,
1996). Such an upper scale approach would clearly
have to be coupled with a better knowledge of the
processes occurring at smaller scales if models are to
be improved and used to improve the management of
forest ecosystems.

Both leaf N (1994–1998) and soil solution N
(1994–1999) appear to be driving growth and car-
bon partitioning. Burns et al. (1997) hypothesized
that the form of the relationship between the relat-
ive growth rate and plant nutrient concentration could
vary depending on whether a plant’s external supplies
or internal reserves of a particular nutrient are more
limiting. In our study, both leaf N and soil solution
N were significantly correlated with fine root produc-
tion from 1994 to 1998 (Figure 2B). Unless large
amounts of N uptake occurred after the mid-August
leaf sampling of the very hot 1999 growing season,
the low fine root production observed in 1999 when
leaf N and soil solution N were low suggests that the
effect of soil solution N dominated over the effect of
plant N reserves and/or plant N status.

The fact that C (biomass) allocation in trees may
be following a ‘chaotic cycle’ extending over a few
years in the Hermine Watershed, and the fact that this
C allocation appears to be dependent on climatic fluc-
tuations and both soil and plant N status, provides a
framework for the diagnostic of forest nutrition and
interpretation of forest growth dynamics following
manipulation of tree nutrition (e.g., fertilization) and
growth (e.g., thinning). In terms of diagnostic, de-
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termination of deficient nutrient levels in foliage in a
particular year may not be indicative of a chronic de-
ficiency but rather of a temporary reduction in uptake
that results from the dynamics of nutrient cycling in
the complex vegetation–soil–atmosphere system. Our
results therefore, support the earlier recommendation
for obtaining more than one year of leaf chemistry
to diagnose tree/forest nutrition (Côté et al., 1994).
Our results also suggest that precautionary measures
be taken when interpreting forest growth and nutri-
tional response to manipulation of soil fertility or
to effects of natural and anthropogenic stresses. In-
deed whether fertilization or stress provides a similar
nutritional and growth response when performed or
imposed at extremes of the spectrum of leaf chem-
istry, soil solution chemistry or fine root production
remains unknown and will require further large-scale
and long-term experimentation.
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