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Abstract

Douglas-fir is presently one of the dominant species used in France for afforestation. It was widely introduced
without knowing exactly its effects on soils and superficial waters. The aim of this research was to obtain quanti-
tative data on the biogeochemical functioning of a Douglas-fir ecosystem, and to provide relevant information to
forest managers. The results presented here concern nutrient accumulation on a stand according to its stage of
development.

A chronosequence of stands was used to rapidly obtain information on ecosystem dynamics in particular be-
cause it is possible to assimilate stands of different ages to the different stage of development of a single stand.

The present results make it possible to evaluate with sufficient accuracy nutrient losses at crop harvest. Several
scenarios could be drawn using various rotation lengths and harvesting intensities. These results could be intro-
duced in management models. Nevertheless, a direct relationship between nutrient losses and the immediate or
delayed decrease of forest productivity is not easy to predict. It depends more on soil nutrient dynamics than on
the present available nutrient pool.

Comparison between the two main species used in forestry showed that the nutrient efficiency of Douglas-fir for
biomass production was at least the same as for Norway spruce. This important conclusion needs to be confirmed
by other measurements.

Keywords: Douglas-fir; Stage of development; Biomass; Nutrient content; Nutrient use efficiency

1. Introduction

Douglas-fir was first introduced in France in
1850 and has now become one of the main spe-
cies used for afforestation with a total area of
about 300 000 ha and about 7000-8000 ha
planted each year. This species has the highest

* Corresponding author.

potential for wood production under French ch-
matic and ecological conditions: Bouchon
(1982) evaluated the mean annual increment at
17 m* ha~' year~! for stands distributed all over
the country.

The lack of information on nutrient require-
ments and effects of Douglas-fir silviculture on
the environment spurred us to investigate this
field.

0378-1127/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
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Worldwide research on nutrient cycles has been
carried out at one particular stage of stand devel-
opment, generally on the mature stage. More rel-
evant information in the field of nutrient dy-
namics according to stand development needs to
be obtained.

This work is part of a general investigation, the
aim of which is to determine the ecological basis
for stand management and to identify the effects
of Douglas-fir plantations on the environment
and particularly on soils and superficial waters.
The total loss of nutrients from the ecosystem by
biomass harvesting and by deep drainage will be
evaluated and the potential of the soil to supply
these elements will be investigated to prevent soil
nutrient depletion and to ensure the perenniality
of the production.

This particular part of the study will be fo-
cused on the effect of stand age on nutrient up-
take, nutrient storage (immobilisation) and nu-
trient efficiency for biomass production.

2. Materials and methods
2.1. Practical organisation of the project

Owing to the longevity of forest species it is
evident that forest ecosystem dynamics cannot
be easily studied. Simply observing such a sys-
tem for a few years is not sufficient. An ade-
quate, and currently the most frequently applied
method, is the chronosequence approach which
provides a means by which long-term changes in
ecosystem structure and processes can be as-
sessed within a reasonable time frame (Cole and
Van Miegroet, 1989). It is clear that chronose-
quences cannot replace real long-term field ex-
periments (Burger and Powers, 1991) which
nevertheless have many disadvantages (delay in
obtaining results, workload and, not least, par-
ticular tendencies in external parameters, i.e. cli-
mate) which can cause a systematic bias in the
observations.

The selection of an age sequence of stands im-
plies major constraints:

(i) all the stands have to belong to the same
tree species, with preferably the same geograph-

ical tree provenance, but this information is not
often available;

(i1) the stands must be situated in the same
ecological conditions (topography, aspect, soil
type, water regime, etc. );

(iii) the silviculture of the stands must have
been and continue to be the same;

(iv) the land use history of the site should be
the same.

In practice, these constraints cannot be com-
pletely satisfied simultaneously. However, some
satisfactory situations can be found where it is
possible to relate the different stands to the dif-
ferent stages of development of a single stand.

The Douglas-fir has been widely introduced in
the Beaujolais mountains since the last quarter
of the nineteenth century for historical reasons.
Therefore, this region is best suited for selecting
a research site.

2.2. Stand characteristics

Three stands were selected according to the
criteria previously described. They were situated
in the forét des Aiguillettes in the Beaujolais
mountains (Rhéne, France). Their main char-
acteristics are shown in Table 1. According to
Decourt (1967) the stands belong to fertility
class 1 of the Douglas-fir yield table established
for the northeast Massif Central (France) in-
cluding the Beaujolais area. The dendrometric
parameters observed are in agreement with those
of the mean stand development described ia the
yield table.

Table 1
Stand characteristics (mean 3 SD)

Stand age (years)

20 40 60
Height (m) 14.312.1 282427  363%2.7
CBH (cm) 57.0115.3 104.7+27.1 - 163.7139.1
Stand density 922 490 312

(no. treesha~")
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2.3. Ecological situation

The site studied is situated at an altitude of 650
m. The climate has the following main character-
istics: a mean annual temperature of 7°C and
mean annual precipitation of 1000 mm. Rainfall
is more or less evenly distributed throughout the
year with a small maxima in summer; 150 days
of fog and 38 days of snow per year were ob-
served. The bedrock is a Devono-Dinantian vol-
canic rock of the ‘ignimbrite’ type, which gives a
rather rich saprolite by weathering processes. The
soil is a Typic Dystrochrept (Soil Survey Staff,
1975) type. Soil characteristics are given in Ta-
ble 2. The fraction less than 2 mm, has a fine tex-
ture, but is often stony (20-50% of large stones
depending on soil horizons). Soil is acidic with
a pH(H,O) range of the solid phase from 4.1 to
4.4 in the A horizons and a base saturation from
0.05 to 0.20 meq per 100 g for Ca and 0.05-0.15
meq for Mg. Exchangeable Al occupies a large
part of the sites of the cation exchange capacity
(CEC) with values varying from 4 to 8 meq per
100 g according to soil layers. The total Ca, K
and Mg content is 0.2%, 3.0% and 0.7%
respectively.

Roots develop mainly in the top 50 cm but
many can be found at a depth of 80-100 cm.

2.4. Methodology to evaluate biomass and
nutrient storage

A special method was progressively adopted to
accurately evaluate the biomass and mineral
content of forest stands (Ranger, 1981; Bouchon
et al., 1985; Ranger et al., 1992).

For the present study, this method can be
summarised as follows.

(1) The inventory of the stand was carried out
on a 0.05-0.2 ha area according to stand density
and stand age.

(2) Twelve trees per stand (distributed
thranghout all the girth classes defined from the
inventory) were cut down and the major com-
ponents were isolated: needles (1 year old or
more), branches (1 year old or more), stem-
wood and stembark. The following parameters
were measured. The diameter of branches 10 cm

(D,0) from the insertion on the stem and posi-
tion of the whorls systematically measured for all
the branches. A sample of three branches per tree,
selected according to diameter and position, was
taken in which needles 1 or more years old and
branches 1 or more years old were immediately
isolated and put into plastic bags for weight and
water content measurement in the laboratory.
Stem circumference was measured at 0.50
(Co.50), 1.30 (C, 3), and every 3 m, total length
and position of the first living branch were noted.
Samples were taken for volume increment, wood
density, water and nutrient content
measurements.

(3) Biomass and nutrient content tables were
established. Special attention was paid to obtain
common provisional tables for the three stands.
Models were selected according to the following
constraints: no bias, maximum explanation of the
variance and minimum residues.

(4) These tables were then applied to the in-
ventory of the different stands to evaluate stand
biomass and nutrient content for each compo-
nent previously defined.

The current annual uptake of nutrients of a
stand was evaluated according to the following
formula (Ranger and Bonneau, 1984)

Uptake =Immobilisation + restitutions (litterfall
and leaching of nutrients by precipitation)

The annual increment and the mean concen-
tration of the trunk will be used to evaluate the
current annual immobilisation of nutrients (de-
finitive nutrient storage, not able to change with
time). The litterfall of each stand was measured
from 20 litter traps per stand. Litter was col-
lected every 3 months.

Biomass and nutrients, collected during thin-
ning operations were evaluated from forest man-
agers’ data and present chemical composition of
the material according to its age.

2.5. Chemical sample analyses

All the samples of branches, 1 year old or more
for needles and ‘wood’, were analysed for major
nutrients (N, P, K, Ca, Mg). For the stems, a
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mean weighted sample per tree, for bark and
wood separately, was analysed for the same ele-
ments and also for S and Mn. P, K, Ca, Mg, S,
Mn were determined after acid digestion of the
finely ground material by ICP spectrophotome-
try (Jobin-Yvon JY 38%). Total N was deter-
mined by colorimetry on a Technicon II autoan-
alyser after Kjeldahl mineralisation. Five
hundred samples were analysed using this
procedure.

2.6. Statistical data processing

Graphics and elementary statistics were oper-
ated on a Macintosh Apple microcomputer with
the Cricket and Statview software. Biomass and
nutrient content tables were modelled using the
SAS software on UNIX system. The main steps
of the calculation and the criteria required for the
tables were as follows (Flammang, 1992).

(1) Selection of the variables potentially use-
ful for the model from the global correlation
matrix.

(2) Simple representation of data on graphics
to identify the type of mathematical function
which fits better.

(3) Linear regression between biomass or nu-
trient content of a component and the dendro-
metric parameter(s) used for the inventory was
tested independently for each stand.

The backward option of SAS was chosen to
eliminate the non significant variable(s) ini-
tially introduced into the model. Criteria for a
valid model were as follows (these were calcu-
lated systematically for each stand, component
and element ):

(i) reliability of the model given by a maxi-
mum adjusted R? value and a minimum root
mean square error (RMSE);

(i) reliability of the model given by the obser-
vation of the residues (calculated val-
ues—observed values)=f (calculated values)
where no statistical relationship must appear.

(4) A common model for the three stands was
systematically sought. This goal is achieved if a
maximum of common variables participate in the
individual tables per stand. The common model
equation was derived by exploring the behaviour

of variables of the individual stand model as a
function of stand age. It was then necessary to
determine the best expression of the ‘age-effect’
on the parameters; linear, polynomial or reverse
functions were tested. The general requirements
for the reliability of the model were the same as
previously described for the individual models.
The last step for the acceptance of the model was
observing the simulated values for whole tree
populations. Problems will occur if the sampling
zone and the whole population spectrum of vari-
ation do not coincide. Some differences oc-
curred in the calculations between the stem and
the canopy. For the stem it was possible to di-
rectly establish a model using the dendrometric
parameter of the inventory, i.e. C}34, a8 an ex-
planatory variable for evaluating the biomass or
nutrient content of this component. This was first
done at the stand level, and then a common
model was established for the three stands of the
chronosequence. For the canopy it was necessary
to use embedded models. First, to model the bio-
mass or nutrient content of a branch component
using diameter, age and /or position in the crown
as explanatory variables, for a stand and then for
the three stands. This model was then applied to
the inventory of branches to calculate the bio-
mass and nutrient content of each trée canopy.
Secondly to model the biomass and nutrient con-
tent of the canopies according to tree size param-
eter i.e. )3, per stand and then for the three
stands.

3. Results

3.1. Qualitative aspect of nutrient distribution
into the stands

The general status of stand nutrition has been
investigated by foliar analysis (Table 3) on sam-
ples taken on the upper part of the crown (1-year-
old needles taken from branches of the ten upper
whorls) in November 1991.

The distribution of major nutrients is sum-
marised in Table 4. Comparison between stands
shows that the same general classification of
components is observed for the three stands:
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Main soil characteristics for the 60-year-old stand. Data supplied are for air-dry material except for granulometry and total analysis
(material dried at 105°C)

Soil layer
AlAp Ap2 Ap(B) (B)1 (B)2 (B)3 {(B)/C C1 C2
0-10 (10-20 (20-35 (35-50 (50-65 (65-75 (75-85 (85-100 (100-
cm) cm) cm) cm) cm) cm) cm) 110 cm)
Granulometry
Clay % 19.8 20.3 22.1 25.1 16.9 18.1 17.4 13.7 13.9
Silt % 40.5 42.7 422 40 36 33.6 34.2 38.3 35.7
Sand % 39.7 37 35.7 34.9 47.1 48.3 48.4 48 50.4
Org. matter (%) 8.15 3.85 3.06 1.15 0.55 0.33 0.33 0.28 0.28
Norg. (%) 0.37 0.206 0.147 0.068 0.038 0.024 0.022 0.02 0.019
C/N 12.8 10.9 12.1 9.9 8.4 7.9 8.6 8.0 8.4
Total elements
Catot. (%) 0.09 0.08 0.08 0.06 0.07 0.17 0.18 0.28 0.15
Mg tot. (%) 0.50 0.49 0.57 0.62 0.71 0.79 0.87 0.89 0.93
K tot. (%) 3.17 3.30 3.38 3.48 3.66 3.71 3.75 3.68 3.60
P,Os tot. (%) 0.16 0.15 0.17 0.15 0.15 0.10 0.08 0.07 0.07
Free elements
Al Tamm 0.62 0.46 0.39 0.33 0.23 0.20 0.19 0.19 0.20
(%)
Fe DCB (%) 0.93 0.86 0.90 0.90 0.86 0.69 0.59 0.62 0.58
pH (H;0) 4.1 43 44 4.5 4.4 4.4 44 4.5 4.5
Exchangeable elements
K (meq%) 0.20 0.19 0.15 0.13 0.13 0.14 0.15 0.17 0.17
Ca (meq%) 0.18 0.08 0.07 0.06 0.05 0.05 0.03 0.07 0.05
Mg (meq%) 0.15 0.07 0.05 0.03 0.03 0.03 0.05 0.05 0.04
Mn (meq%) 0.07 0.03 0.03 0.02 0.01 0.01 0.02 0.01 0.01
Fe (meq%) 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na (meq%) 0.05 0.11 0.02 0.00 0.03 0.00 0.06 0.05 0.11
Al (meq%) 7.5 4.4 4.5 4.1 4.1 4.5 4.9 5.0 4.6
BC 0.57 0.44 0.30 0.22 0.25 0.22 0.28 0.33 0.37
BC/CEC (%) 7.0 9.1 6.4 5.2 5.6 4.7 5.4 6.2 7.6
CEC 8.2 4.8 4.8 43 4.4 4.7 5.2 5.3 49
P,0; avail. (%) 0.02 0.01 0.01 0.01 0.01 0.01 0.0t 0.01 0.01
Table 3
Foliar analysis data for the current year needles in 1991 (date expressed as percentage of dry matter at 65°C)
Stand age (years) N P Ca Mg
20 1.71 0.21 0.74 0.40 0.14
40 1.53 0.13 0.62 0.26 0.11
60 1.58 0.13 0.56 0.38 0.12
Ref. for Douglas-fir (Bonneau, 1988) 1.5-1.9 0.15-0.16 0.6-0.8 0.3-0.5 0.1-0.14
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Table 4

Mean concentration of major nutrients in the various components according to stand age (data expressed as a percentage of dryv

matter). Standard deviation is given in parentheses

N P K
20years 40years ©O0years 20years 40years 60years 20vyears 40years 60 years
Branches
Needles 1 year 1.60a 1.64a 1.52b O.ila 0.11a 0.12a 0.58a 0.53ab 0.51b
(0.10)  (0.18)  (0.14)  (0.01)  (0.02)  (0.02)  (0.11)  (011Y  (0.12)
Needles > [ year 1.56a 1.66a 1.40b 0.09a 0.10a 0.09a 0.52a 0.43b 0.44b
(0.19) (0.22) (0.14) (0.01) (0.01) (0.01) (0.08) (0.07) (0.1
Branchwood | year 1.10a 1.12a {.14a 0.13a 0.13a 0.14b 0.56a 0.50b 0.45¢
(0.15) (0.12) (0.13) (0.02) (0.01) (0.02) (0.08) (0.07) {0.07}
Branchwood > 1 0.43a 0.41a 0.42a 0.05a 0.04a 0.05a 0.28b 0.23ab 0.21b
year (0.14)  (0.15)  (D.13)  (0.16)  (0.17)  (0.02)  (0.13)  (0.08)  (0.08)
Stem
Stemwood 0.069a 0.060b 0.061b 0.005a 0.002b 0.003¢ 0.054a 0.034b 0.023b.
(0.005) (0.003) (0.004) (0.001) (0.001) (0.0001) (0.01) (0.004) (0.003)
Stembark 0.57a 0.42b 0.33¢ 0.067a 0.049b 0.042¢ 0.42a 027 0.22b
(0.054) (0.039) (0.023) (0.007) (0.008) (0.006) (0.13) (0.055) (0.046)

Different letters indicate significant difference at P> 0.05.

young needles (1 year old) > old needles (older
than 1 year) > twigs > old branches > stem-
bark > stemwood. This is true for all elements
except Ca which sometimes had higher concen-
trations in the old than in the young organs. Some
statistically significant differences of concentra-
tions occurred between stands, particularly be-
tween the younger and the older stand. The 40-
year-old stand was similar to the 20-year-old
stand as far as canopy components were con-
cerned and similar to the 60-year-old stand as far
as stand components were concerned. Negative
relationships between concentrations and den-
drometrical parameters (i.e. D,, for branches and
C3o for stem) supported by total correlation
coefficients (matrix not shown) were generally
observed for all the observations on the three
stands.

For the crown, the coefficient value was lower
for needles than for ligneous organs, and in the
latter the coefficients were very much higher for
the old part of the branches where they are statis-
tically significant at P<0.001 (e.g. —0.72 for N,
—0.65 for P, —0.63 for K, —0.41 for Ca and
—0.51 for Mg; 93 observations). No tree effect
(relationship between C, 5, and concentration of

a component) was observed for the chemical
composition of the tree crown.

For the stem (36 observations), the coeffi-
cients were statistically significant at the
P<0.001 level for K, Ca, Mg, Mn and S for wood,
and for N, P, Mg, Mn and S for the bark (K, Ca
at P<0.01 level only). More complex figures oc-
curred for individual stands probably owing to
the limited number of observations (12 per
stand) and/or smaller spectra for dendrometric
parameter variations. The same trend was gen-
erally but not systematically observed. Never-
theless, correlations were not strong enough to
build accurate provisional models.

3.2. Quantitative aspect of biomass and nutrient
distribution

Common biomass and nutrient content tables
for the three stands were established for each tree
component on a quantitative basis. The ob-
served concentration of the sample and its bio-
mass were used for nutrient content data. Some
models are presented in Table 5.

Stand biomass (Table 6) is age dependent for
stem biomass, which is a strictly cumulative
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Ca Mg Mn S
20years 40years 60years 20years 40years 60years 20years 40years 60years 20years 40years 60 years
0.47ab 0.42a 0.4%9b 0.12a 0.12a 0.12a
(0.14) (0.12) (0.09) (0.03) (0.02) (0.02)
0.75a 0.66a 0.90b 0.11a 0.11a 0.12a
(0.31) (0.21) (0.21) (0.03) (0.03) (0.03)
0.42a 0.39a 0.49b 0.11a 0.12a 0.11a
(0.1) (0.11) (0.11) (0.02) (0.03) (0.03)
0.34a 0.32a 0.46b 0.04a 0.04a 0.04a
(0.09) (0.13) (0.12) (0.01) (0.01) (0.02)
0.040a 0.028b 0.029p 0.007a 0.010a 0.005b 0.009a 0.008a 0.004b 0.0la 0.009a  0.002b
(0.004) (0.004) (0.004) (0.001) (0.001) (0.006) (0.002) (0.002) (0.002) (0.001) (0.002) (0.001)
0.370a 0.279a 0.309a 0.053a 0.038b 0.032b 0.069a 0.075a 0.039a 0.050a 0.04%9a 0.036b
(0.087) (0.199) (0.111) (0.012) (0.01) (0.006) (0.05) (0.065) (0.018) (0.004) (0.006) (0.003)

component, and to a lesser extent for the lig-
neous part of the crown. Total foliar biomass be-
came more or less stable from age 20; this com-
ponent varied considerably for current needle
production: 6.4 t at age 20 vs. 3.8 t at age 40 or
60 which seemed difficult to attribute to the an-
nual variation alone (Fig. 1). A very large incre-
ment of stem biomass occurred between 20 and
40 (+241%) and is still large between 40 and 60
(+57%). The proportion of stem in the total
aerial biomass is the same between the 40-year-
old and the 60-year-old stands (see Fig. 3). The
mean stem characteristics show that no signifi-
cant differences are observed between stands for
wood and bark infra-density (i.e. dry weight/
fresh volume). The wood percentage slightly but
significantly increases with stand age (Table 7).

The distribution of major nutrients in the bio-
mass components is given in Table 6. Fig. 2 shows
the behaviour of biomass and nutrient accumu-
lation in the total aerial biomass and in the stem.
In the case of total biomass, the maximum ac-
cumulation for Ca and X tends to be earlier than
biomass accumulation, the reverse is observed for
P and Mg, while N accumulates proportionally
to biomass during the whole stand development
(Fig. 2(a)). In the case of the stem only, accu-

mulation of N, K and to a lesser extent P and Mg
tends to be earlier than biomass accumulation;
the reverse tendency occurs for Ca (Fig. 2(b)).

The relative distribution of biomass and nu-
trients in the various stand components clearly
illustrates that tree crown, which represents a
limited part of total biomass, retains the largest
quantities of all nutrients especially N, P and Ca
(Fig. 3). This is particularly true in the young
stand; the values are more equally distributed
between crown and stem in the 40-year-old and
60-year-old stands. The comparison between
these two stands shows that for P, Ca and Mg, no
change occurs in their relative distribution; for
N a slight but significant increase, and for K a
relatively large decrease are observed between 40
and 60. In the crown, needles contain the greater
quantity of elements; in the stem, bark contains
almost the same but often larger quantities of
nutrients than wood for a biomass representing
only 15% of the total biomass (Table 6).

The mean annual production for the stem
alone and for the different ‘equivalent’ stages of
the stand is respectively 8.4 m> ha—! year~! for
the period 0-20 years, 20.8 m> ha—! year~! for
the period 20-40 years and 17.4 m® ha~! year—!
for the period 40-60 years. The mean biomass



174 J. Ranger et al. / Forest Ecology and Management 72 (1995) 167-183

Table 5
Mainbiomass and nutrient content
Component  Sub-component Model R* RMSE
Main
biomass*
Crown Total needles p=(12.7128-0.4237x A +0.00408 X 4% ) X C 39" 0.95 9729.2
Total ligneous branch ~ p=(0.3424—0.0114 XA+ 0.000116 X A%) X (3> 0.95  29907.6
Stem Stembark 1=0.0068C,352=0.0792X 1 /4 X C, 34 0.99 10.3
Stemwood y=0.0468C,35°—0.5570X 1 /A X (30> 0.99 68.3
Main nutrient content®
Crown Total needles N=(0.2052-0.0068 XA+ 0.000064 X A%) X (34" 0.95 142.4
P=(0.0119—0.0004 X A+0.000004 X 4%) X C,30° 0.95 9.6
K =(0.0688—0.0024 X 4+ 0.000024 X A2) X C154° 0.95 47.6
Ca=(0.1352—0.0051 xA4+0.000053 X A%) X C,3¢° 0.95 77.4
Mg=(0.0137—0.0004 x 4 +0.000004 X A2) X C3o° 0.95 10.0
Total ligneous branch N = (0.0009+0.6701 X 1 /4%) X C}3>* 0.93 736G
P=(0.00071-0.000026 X A4+ 0.0000003 X 4%) X (;30>° 0.95 7.7
K = (0.0029 —0.00008 X 4 +0.0000007 X A2) X C,35*° 0.95 27.6
Ca=(0.0038—-01949X 1/4+3.4601 X 1/4%) X C3o*> 0.96 87.3
Mg = (0.0006 —0.00002 x .4 +0.0000002 X 42) X C}3*> 0.95 82
Stem Stembark N=0.0187C;30°+0.0088 X 1/4X C\3¢° 0.99 349
P=—0.4163C,3,X 1/4+0.0024 X C}3,° 0.98 6.6
K=0.0171C,3*—0.00008 X A X Cy3¢° 0.97 44.6
Ca=0.0136C,3,XA4—0.0000032 X A%>X C;30° 0.94 77.2
Mg=0.0025C30X A~ 0.00087 X C,35> 0.96 6.9
Stemwood N=0.00072C,30>XA~0.0000055X A* X C30° 0.99 37.9
P=0.000017C,3*xX A4 0.96 4.2
K =0.00062C, 32X A—0.0000081 % 4% X C,30° 0.96 343
Ca=0.014442C,3,2—0.174359X 1 /AX Cy3¢° 0.97 39.0
Mg=0.00139C,;39x4—0.001282 % C,5,’ 0.99 4.0

*Data are expressed in grams of dry matter at 65°C for crown and in kilograms dry matter for stem.

YData are expressed in grams of element.
Age in years and C| 3, in centimetres.

immobilisation is smallest for the young stand
(4.1 t ha~! year™') and highest in the 40-year-
old stand (8.3 t ha~! year—') which is the stage
of the maximum mean and current annual incre-
ment according to the yield table of Decourt
(1967). The young stands immobilise almost the
same quantity of nutrients as the older ones
which produce twice the biomass. In terms of
nutrients, immobilisation represents no more
than 40% of the total uptake. The total litterfall
(mainly needles and branchwood) is signifi-
cantly higher in the younger stand which is in
agreement with the general conclusions of Al-
brektson (1988) on the effect of stand age on lit-
terfall. The formation of the annual crown rep-
resents the greatest part of the annual uptake

from soil especially for N, P, Ca and Mg (Table
8).

4. Discussion
4.1. Nutrient distribution in stands

The general nutrition status of the three stands
is at or near optimum for all the major elements
if compared with Bonneau’s references (1988)
(Table 3). Phosphorus appears to be slightly
limiting in the mature stands. The 20-year-old
stand shows the highest concentrations of the
three stands for all major nutrients. This obser-
vation must not necessarily be attributed to a
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Biomass of the component (t per ha)
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Fig. 1. Dynamics of the stand biomass accumulation accord-
ing to the component.

greater availability of nutrients in the soil of this
stand because it was often observed and de-
scribed as an effect of youth (Bonneau, 1986).

The general negative correlation observed for
the three stands between branch or tree dimen-
sion and their nutrient content is linked (i) to
the fact that there are relatively more functional
tissues in each ligneous component of the
younger stand, and (ii) to the strong decrease of
nutrient concentrations according to tissue age
as shown by Monestier (1993) for the stemwood
of these stands. This internal cycle of nutrients is
very efficient (Switzer and Nelson, 1972; Hu-
guet and Giraudon, 1979; Titus and Kang, 1980;
Ranger, 1981) and allows the forest stand to
produce a significant quantity of biomass in soils
with limited pools of available nutrients (Colin-
Belgrand et al,, 1993). When this negative rela-
tion occurs in a population of trees of the same
age it indicates that smaller trees use nutrients
less efficiently than bigger ones where a dilution
effect tends to decrease the mean concentra-
tions. This observation has already been made
(Van den Driessche, 1974). The distribution of
nutrients observed in the Douglas-fir stand is
quite standard. The smaller components for bio-
mass tend to be the most concentrated in nu-
trients. This observation is of great consequence
for forest conservation management where har-
vesting of the total biomass will rapidly deplete
the efficient pool for tree nutrition.

Ligneous blomass (t per ha) or nutrlent content (kg per ha)

500

400 7

300 1

2001

100 1

ORV2ZE
w

£

"

0 20 40 60

stand age

Stem biomass (t per ha) or nutrient content (kg per ha)

400

300 1

200 1

100 1

0 20 40 60

stand age

Fig. 2. Dynamics of biomass and nutrient accumulation in
the stand for (a) the total ligneous aerial biomass and (b)
the stem alone.

4.2. Nutrient use efficiency for biomass
production

Nutrient use efficiency (NUE) does not refer
here to physiological efficiency, which is the nu-
trients required to build the current increment of
a stand. It is an index calculated as the biomass
produced by one unit of nutrient during the whole
life of a stand. The higher the index, the better
the NUE.

NUE tends to increase with stand age for all
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Table 6
Biomass (t ha=') and mineral content (kg ha—') per component and per stand
20 years 40 years
Biomass N P K Ca Mg Mn S Biomass N P
Tree crown
Needles | year 6.4 102.6 7.0 37.2 30.1 7.7 3% 617 4.1
Needles > | year 11.7 141.6 8.0 423 96.6 9.6 9.5 14].1 8.5
Total needles 17.4 286.9 17.0 83 162 19.3 13.6 209.8 13.5
Branchwood | year 1.5 16.6 2.0 8.5 6.3 1.7 0.9 Ry i.2
Branchwood > year 14.5 56.8 5.9 38.4 54.4 5.9 219 723 1
Total branchwood 16.8 63.2 7.3 359 65.2 7.3 25.0 278 7.2
Total crown 34.2 350.1 243 118.9 2272 26.6 38.6 2976 20.7
Stem
stemwood 56.9 36.9 1.0 73.5 17.1 5.3 5.4 4.9 194.8 199 4.1
Stembark 8.6 57.3 6.2 46.1 17.7 5.1 8.2 4.6 28.7 1119 130
Total stem 65.5 94.2 7.2 119.6 34.8 10.4 13.6 9.5 2235 2318 18.0
Total ligneous 823 157.4 145 1555 100.0 177 248.5 3198 252
Total tree aerial 99.7 4443 31,5 2385 2620 370 262.1 5204 387
(Continued)
40 years 60 years
K Ca Mg Mn S Biomass N P K Ca Mg Mn S
19.9 15.8 4.5 3.8 57.3 4.5 19.2 18.5 4.5
37 59 9.3 10.4 167.4 10.3 58.1 117.0 11.6
60.9 80.7 14.6 16.1 224.6 16.3 79.3 129.0 16.0
4.5 3.5 i1 0.9 9.7 2 3.8 4.2 0.9
45.3 63.6 7.5 45.6 115.9 2 47.8 157.4 13.2
43.1 70 7.2 49.7 120.8 3 43.7 162.3 13.3
104 150.7 21.8 65.8 345.4 29.6 123 291.3 29.3
145.9 59.5 10.5 14.1 16.6 307.0 194.6 8.5 65.5 94.1 14.6 13.8 6.7
81.2 59.1 10.3 14.9 13.6 45.0 153.9 19.6 98.5 134.8 14.4 16.3 15.9
227.1 118.6 20.8 29.0 30.2 352.0 348.5 28.1 164.0 228.9 29.0 30.1 226
270.2 188.6 28.0 401.7 469.3 414 207.7 391.2 42.3
331.1 269.3 42.6 417.8 693.9 57.7 287.0 520.2 58.3
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Table 7
Wood characteristics (mean+SD, n=12)

Stand age (years)

20 40 60
Wood density 0.40a 0.39a 0.38a
(gcm™3) 10.03 +0.03 +0.03
Bark density 0.34a 0.34a 0.31a
(gem—3) +0.08 +0.04 +0.07
Wood 85.6a 86.8ab 87.3b
percentage t1.9 +1.6 +1.4

Different letters between stands indicate significant differ-
ence at the 95% level of confidence.

elements. This observation seems to be true for
other sequences found in the literature concern-
ing the same species (Turner and Long, 1975;
Turner, 1981) or other species like Norway
spruce (Le Goaster et al., 1991) with sometimes
an exception for Ca (Table 9). The result is the
same whatever the ligneous component consid-
ered. The most evident explanation is that the
proportion of heartwood increases with stand
age. This component contains much lower con-
centrations than active sapwood due to internal
translocation of nutrients (Switzer and Nelson,
1972; Colin-Belgrand et al., 1993). Comparison
between age sequences of Douglas-fir shows that
the interaction between provenances and/or
ecological situations has a considerable effect on
this index.

There is great interest in comparing NUE val-
ues for Douglas-fir and Norway spruce as both
of these species are widely used in France for af-
forestation, under the same ecological condi-
tions (Table 9). As direct comparison is not pos-
sible on this site, it was not possible to draw any
definite conclusions, but only to show tenden-
cies. The data show a greater efficiency for
Douglas-fir when compared with Norway spruce
for a comparable stand age for N, Ca and Mg,
independently of the ecological situation; the
tendency is not so clear for P and K with no vis-
ible difference between the two species.

4.3. Uptake of nutrients by stands

Comparison with the mean annual uptake of
coniferous species from the IPB sites (Cole,

1986) shows that adult Douglas-fir stands are al-
most situated at the mean or under the mean
(studied stands) for all major nutrients (Table
10). The annual uptake of Douglas-fir is not
higher than Norway spruce especially if it is
compared with a stand of similar productivity
(Ranger et al., 1992). Nutrient uptake tends to
decrease with stand age. This phenomenon is
controlled by three main parameters: (i) the de-
crease of foliar biomass with age well correlated
with litterfall; (ii) the variation of the current
annual stand increment; (iii) the decrease of nu-
trient immobilisation rate with stand age ac-
cording to the ‘dilution effect’ linked to cumula-
tive growth.

4.4. Predictable effect of the decrease of the
rotation length on nutrient removal by
harvesting

The total drain of nutrients from a site corre-
sponds to nutrient removal with crop harvesting
and to the losses associated to the deep drainage
flux out of the rooting zone, during rotation and
the harvest phase and regeneration. Ranger and
Nys (1986) found that deep drainage during the
rotation represents approximately the same
amount of nutrients than the harvest (except for
P generally not mobile in soil solutions). Only
nutrient removal by harvesting was considered
here. Stands were compared for a 120 year pe-
riod which are two, three and six rotations for
the 60-year-old, 40-year-old and 20-year-old
stands respectively. Two intensities of harvest-
ing were considered: (1) a partial harvest of the
stand biomass, i.e. stem-only harvest; (ii) whole-
tree harvest including needles, which are obliga-
torily removed on coniferous trees if branches are
harvested (this figure occurs if branches are re-
moved in some special places of the forest for
technical reasons) (Table 11). These figures
represent conservative and intensive scenarios
for nutrient conservation.

4.4.1. The case of timber harvest

The decrease of the rotation length from 60 to
40 years slightly decreased the collected biomass
(—0.8%) with no dramatic consequernces on'nu-
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Fig. 3. Relative distribution of biomass and nutrients in the stand according to its stage of development.

trient removal except for K; i.e. N and P remain
more or less stable, Ca decreased (—~17%), K and
Mg increased (+96% for K). The decrease of the
rotation length from 60 to 20 years produced
more important effects. The biomass decreased
by 51% without a proportional decrease for the
majority of nutrients (except for Ca) and a se-
vere increase for K (+82%). The decrease of the
rotation length from 40 to 20 years produced ap-
proximately the same effect as before except for
K. Thinnings represented 14% of the biomass and

between 15 and 20% of the nutrients according
to elements in the standing crop for the 60-year-
old stand and 19% of the biomass and between
15 and 30% of the nutrients in the 40-year-old
stand.

4.4.2. The case of whole-tree harvest

The decrease in the rotation length led-to the
same relative conclusions as those found for tim-
ber harvest. A more drastic effect on -seil nu-
trient removal occurred for the decrease from 60



J. Ranger et al. / Forest Ecology and Management 72 (1995) 167-183 179
Table 8
Evaluation of the mean annual uptake as a function of stand age
Stand age Dry matter N (kgha=! P(kgha=' K(kgha=' Ca(kgha-' Mg (kgha~!
(years) (tha~!year—') year—!) year™!) year—!) year™!) year™!)
20 Immobilisation® 4.1 7.9 0.7 7.8 5.0 0.9
Litterfall® 34 35.9 34 4.1 24.8 3.0
Uptake® 7.5 43.8 4.1 19.0¢ 29.8 39
40 Immobilisation 8.3 8.1 0.5 5.7 4.4 0.5
Litterfall 2.0 19.9 1.2 2.9 10.0 1.0
Ubptake 10.3 28.0 1.7 14.0¢ 14.5 1.5
60 Immobilisation 7.7 7.5 0.8 -3.1 10.1 0.7
Litterfall 24 23.6 1.7 5.1 13.6 1.4
Uptake 10.0 311 2.5 8.0¢ 23.7 2.1
2Calculated from total ligneous biomass and nutrient content of the stand, for the periods 0-20, 20-40 and 40-60 years.
®Measured for the year 1992-1993 (May 1992-May 1993).
“Uptake=Immobilization + Restitution (litterfall4crown leaching).
9Crown leaching was considered as nil except for K; evaluated from throughfall composition (data not presented).
Table 9
Compared nutrient efficiency for biomass production for Douglas-fir and Norway spruce according to stand age
Total N P K Ca Mg Total N P K Ca Mg
stem ligneous
biomass biomass
Douglas-fir 20 years 65.5 9420 7.20 119.60 34.80 10.40 8230 157.40 14.50 155.50 100.00 17.70
present study Efficiency 0.7 9.1 0.55 1.88 6.30 0.52 5.68 0.53 0.82 4.65
Douglas-fir 40 years 223.5 231.80 18.00 227.10 118.60 20.80 248.50 319.60 25.20 270.20 188.60 28.00
present study Efficiency 096 1242 098 1.88 10.75 078 986  0.92 1.32  8.88
Douglas-fir 60 years 352.0 348.50 28.10 164.00 228.90 29.00 401.70 469.30 41.10 207.70 391.20 42.30
present study Efficiency 1.01 12.53 2.15 1.54 12.14 0.86 9.77 1.93 1.03 9.50
Douglas-fir 22 years 113.3 145.00 18.30 48.00 141.00 1530 126.50 162.00 2530 88.00 17500 23.20
Turner, 1981 Efficiency 0.78 6.19 2.36 0.80 741 0.78 5.00 1.44 0.72 5.45
Douglas-fir 42 years 206.2 169.00 24.10 107.00 24.00 31.10 229.50 218.00 33.40 135.00 285.00 38.50
Turner, 1981 Efficiency 1.22  8.56 1.93 0.96 6.63 1.05 6.87 1.70 0.81 5.96
Douglas-fir 73 years 267.3 174.00 24.50 217.00 246.00 36.80 293.60 236.00 30.30 277.00 318.00 44.20
Turner, 1981 Efficiency 1.54 1091 1.23 1.09 7.26 1.24  9.69 1.06 0.92 6.64
Norway spruce 30 years 93.6 11930 12,60 91.20 112.40 1490 121.80 260.20 29.00 154.50 189.60 25.00
Le Goaster et al., 1991 Efficiency 0.78 743 1.03 0.83 6.28 047 420 0.79 0.64 4,87
Norway spruce 45 years 126.0 13520 4.40 69.30 146.20 19.80 161.20 263.00 16.70 110.20 216.30 29.50
Nysetal., 1992 Efficiency 0.93 28.64 1.82 0.86 6.36 0.61 9.65 1.46 0.75 5.46
Norway spruce 85 years 359.4 302.80 27.20 145.80 370.90 60.50 407.30 577.30 92.50 269.90 548.40 124.60
Rangeret al., 1992 Efficiency 1.19 13.21 2.47 0.97 594 0.71 4.40 1.51 0.74 3.27
Norway spruce 85 years 234.1 27780 11.80 145.40 311.70 33.20 260.80 352.50 19.60 184.80 396.70 40.20
Le Goaster et al., 1991 Efficiency 0.84 19.84 1.61 0.75 7.05 0.74 13.31 1.41 0.66 6.49

Biomass is expressed in t ha~—!; nutrients in kg ha—',

to 20 years rotation than from 60 to 40. This ob-
servation can be related to the fact that the pro-
portion of stem in the total aerial biomass is the
same between the 40-year-old and the 60-year-
old stands. A different pattern was described for
an age series of Norway spruce stands by Le

Goaster et al. (1991), possibly related to the dif-
ferent rate of development of the two species
and/or silvicultural practices.

Thinnings represented 6% of the biomass and
less than 10% of the nutrients for all elements in
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Table 10

Comparison between the uptake of Douglas-fir and Norway spruce (data in kg ha—' year™')

Species Age (years) N P K Ca Mg
Conifers Mean IBP sites Cole (1986) 39.0 5.0 25.0 35.0 6.0

Douglas-fir 20 Present study 43.8 4.1 19.0 29.8 39

Douglas-fir 40 Present study 28.0 1.7 14.0 14.5 1.5

Douglas-fir 60 Present study 311 2.5 8.0 237 21

Douglas-fir 22 Cole (1986) 33.7 ND 26.3 34.4 ND
Douglas-fir 42 Cole (1986) 32.8 ND 274 40.9 ND
Douglas-fir 73 Cole (1986) 32.5 ND 214 4372 ND
Norway spruce 30 Le Goaster etal. (1991) 316 3.1 30.0 17.1 21

Norway spruce 85 Le Goaster etal. (1991) 24.4 2.3 25.0 8.8 1.6

Norway spruce 45 Nysetal. (1983) 70.8 5.6 37.3 26.9 4.7

Norway spruce 85 Rangeretal. (1992) 72.0 4.9 23.6 24.1 4.4

ND, not determined.

the standing crop for both the 40 and 60-year-old
stands.

The comparison between the timber-harvest
only and the whole-tree harvest showed a signif-
icant increase in biomass collected 52%, 18% and
20% for the 20-year-old, 40-year-old and 60-year-
old stands, respectively (see comparison be-
tween crop intensities in Table 11). The removal
of nutrients increased in general in a very much
greater proportion especially for N, P, Ca and Mg.
The increase for Ca, i.e. +650%, in the 20 year
rotation-length scenario was the most extreme.

From an ecological point of view, the decrease
in the forest rotation length has a clear negative
effect on soil nutrients especially if the intensity
of the harvest increases at the same time.These
conclusions are in agreement with the previous
works of Switzer and Nelson (1972), Wells and
Jorgensen (1979), Tritton et al. (1987) and
Mann et al. (1988). If one takes into account the
economic parameters, the increase in the com-
mercial value of Douglas-fir with the size of
products rules out the practice of very short
rotations.

5. Conclusion

The chronosequence of stands is a useful too!
to rapidly obtain pertinent information on eco-
system functioning. The three stands selected for
this study provide relevant information for ac-
cumulation of biomass and nutrient by Douglas-
fir stands in the principal area in France where’
this species was intensively introduced. Never-
theless, owing to the limited number of stands
the results obtained only provide tendencies as:
(i) no replicates were available for observation
of intra-age variability; (ii) the use of a chron-
osequence of stands did not allow one to identify
the exact relationship between a property (here
production and nutrient storage ) and time; (iii)
no direct generalisation is possible for other eco-
logical situations (inter-sites variability). The
efficiency of Douglas-fir is at least the same as
Norway spruce. This important conclusion which
needs to be confirmed by other measurements,
shows that the uptake of Douglas-fir will not de-
crease the available pool of soil nutrients more
than spruce for the same level of production.

Intensification of forest harvest will inevitably
lead to soil impoverishment. The present results
obtained on a sequence of stands make it possi-
ble to evaluate nutrient losses during harvest with
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Table 11
Effect of rotation length and harvesting intensities on nutrient losses from the site
Stand age Duratioin Scenario Biomass N P K Ca Mg
(years) (years)
Stem-only 60 Standing crop 352.0 348.5 28.1 164.0 2289 29.0
harvesting Thinnings 49.0 53.9 4.6 33.1 33.5 5.6
120 2 harvests (la) 802.0 804.8 654 3942 524.8 69.2
40 Standing crop 223.5 231.8 18.0  227.1 118.6 20.8
Thinnings 41.7 47.2 3.8 30.2 27.3 5.7
120 3 harvests (2a) 795.6 837.0 654 771.9 4377 79.5
A4Q-1)/1% -0.38 4.0 0.0 95.8 —16.6 14.9
20 Standing crop 65.5 94.2 7.2 119.6 34.8 10.4
Thinnings 0.0 0.0 0.0 0.0 0.0 0.0
120 6 harvests (3a) 393.0 565.2 432 7176 2088 62.4
4(3~-1)/1% —51.0 -298 -339 82.0 —60.2 -9.8
4(3-2)/2% —50.6 -325 339 -70 =523 215
Total biomass 60 Standing crop 417.8 693.9 57.7 287 520.2 58.3
Thinnings 62.0 156.5 13.3 57.7 128.1 13.8
120 2 harvests (1b) 959.6 1700.8 1420 689.4 1296.6 144.2
40 Standing crop 262.1 529.4 38.7 331.1 269.3 42.6
Thinnings 51.8 135.0 10.7 48.5 98.3 13.3
120 3 harvests (2b) 941.7 1993.2 1482 1138.8 1102.8 167.7
402-1)/1% -19 17.2 4.4 65.2 —149 16.3
20 Standing crop 99.7 443.3 31.5 2385 2620 37.0
Thinnings 0.0 0.0 0.0 0.0 0.0 0.0
120 6 harvests (3b) 598.2 2659.8 189.0 14310 15720 2220
403-1)/1% -37.7 56.4 33.1 107.6 21.2 53.9
4(3-2)/2% —-36.5 334 27.5 25.6 425 32.4
Comparison 60 4(lb—1a)/1a% 19.6 111.3 117.1 74.9 147.1 108.4
between crop 40 4(2b—2a)/2a% 18.4 138.1 126.6 47.5 151.9 110.9
intensities 20 4(3b—3a)/3a% 52.2 370.6 3375 99.4 6529 2558

Biomass data is expressed in t ha—!; nutrientsin kg ha~!.

reasonable accuracy. Several scenarios could be
drawn using various rotation lengths and har-
vesting intensities. These results could be intro-
duced in management models. Nevertheless, the
direct relationship between nutrient losses and
immediate or delayed decrease of forest produc-
tivity is not easy to predict. It will depend more
on soil nutrient dynamics than on the present
available nutrient pool. A conservative recom-
mendation to managers would be to restrict the
more intensive treatments to the more fertile soils
to ensure the perenniality of the production or to
add fertilisers to compensate for the deficit.

The input-output budgets for the whole rota-
tion will provide useful information, especially
concerning the most accurate quantity of fertil-

isers both for the sustainability of the production
and the conservation of the major parameters of
the environment, i.e. the soil and the superficial
waters.
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