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Abstract 

Nutrient fluxes were determined in a chronosequence of Douglas-fir stands in the Beaujolais Mounts (France). Annual 
and seasonal variations occurred during the 3 years of investigation; fluxes were generally highest in autumn-winter. 

Atmospheric inputs were among the mean values from a monitoring network of forest ecosystems in France. Nutrient 
outputs from the soil profile were higher than average and occurred mainly during vegetation dormancy. 

Mean input-output budgets were negative for N, S, K, Ca and Mg, characterising an imbalance of the site chemistry 
dynamics. The P budget was positive. Most of the nutrient output from the ecosystem occurred as losses in the drainage 
water. These losses were related to excess nitrification and consecutive cation mobilisation throughout the soil profile. 

Surface water, however, had a neutral pH and very low nitrate and aluminium contents, which may have been buffered 
by the subsoil. 

Budgets differed between stands and tended to be more negative in the youngest stand. Part of this behaviour was related 
to stand age and part to the former land use of plots. Theoretical budgets were calculated for forest rotation lengths of 20, 40 
and 60 years; it was concluded that shorter rotations would increase nutrient losses. The trend of a decrease in budget 
deficits with stand age suggests that the effect of vegetation change will be reduced at the next rotation but the impact of 
stand development may remain. 

Predicted nutrient budgets for a second 60 year Douglas-fir rotation suggested that available Ca in the soil would be 
depleted and that this depletion would be even more drastic if whole tree harvesting were adopted. 

In conclusion, Douglas-fir stands introduced changes in soil function that may impoverish the soil if present trends 
remain the same over the next forest rotations. The maintenance of sustainability will require nutrient input by fertilisation. 

Kewords: Douglas-fir; Nutrients; Biogeochemical cycle; Input-output budgets; Dynamics; Chronosequence: Gravitational soil solutions 
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1. Introduction 

Douglas-fir was lirst introduced in France 150 
years ago. It is presently one of the most intensively 
planted species in the country owing to its high 
potential for wood production and its well appreci- 
ated wood quality. 

been published in a companion paper (Marques and 
Ranger. 1996). 

2. I. Site characterisatiotl 

Sustainable management of these stands needs to 
be demonstrated, not only in terms of maintaining 
the present forest production level but also with 
respect to maintaining soil fertility and surface water 
quality. “Wise management of production forests is 
essential if we are to ensure that future generations 
will be able to derive the same, if not more. re- 
sources from the land than were derived by preced- 
ing generations” (Beets et al., 1994). 

Three stands aged 20, 40 and 60 years represent- 
ing a forest chronosequence were chosen on the 
Beaujolais Mounts in France (46”30’N, 3”38’El. 

Land occupation by new vegetation may result in 
dramatic changes in soil dynamics (Page, 1970; 
Feger, 1988; Ranger and Nys, 1994). Thus, a re- 
search programme was initiated in 1991 by selecting 
a chronosequence of Douglas-fir stands able to rep- 
resent ecosystem dynamics throughout a whole for- 
est rotation. 

Stand characteristics were: 922, 350 and 225 trees 
ha-‘: 14.3. 28.2 and 36.3 m average height: 18.1. 
33.3 and 52.1 cm average DBW; 250. 670 and 1100 
m3 ha- ’ average volume of total stemwood. The 20- 
and 40-year-old stands presented no understorey: the 
understorey of the 60-year-old stand was mainly 
composed of blackbetry (Rubus fruticnsus I.,.). The 
nutrient content and mean current immobilisation of 
stands (excluding understoreyl is summarised in 
Table 1 (Ranger et al., 1995). Mean root distribution 
for the three stands is as follows: 33% in the 0-- I5 
cm layer, 25% in the 15-30 cm layer. 28%, in the 
30-60 cm layer and 14% below 60 cm. 

The first results described the dynamics of biomass 
and nutrient accumulation in the stand (Ranger et al., 
1995). Relevant conclusions were obtained by com- 
paring Douglas-fir with other species or by testing 
different silvicultural scenarios, i.e. changing the ro- 
tation length or changing the intensity of forest 
harvesting. Nutrient fluxes through the ecosystem 
were then investigated to calculate the input-output 
budget of the ecosystem. The first step was to qual- 
ify the chemistry of solutions transferred within these 
Douglas-fir stands and the processes involved in the 
acquisition of the chemistry and on the dynamics of 
these solutions (Marques and Ranger, 1996). 

The site has an elevation of 750 m, a mean annual 
temperature of 7°C and mean annual rainfall of 1000 
mm, which is more or less evenly distributed 
throughout the year with a slight maximum in sum- 
mer. 

2.2. Soil characterisation 

The objective of the present paper is to quantify 
the main fluxes of the biogeochemical cycle in the 
forest stands and to establish input-output budgets 
for individual stands and for different lengths of 
forest rotation. The results are discussed by focusing 
on the possible impact of Douglas-fir on soil and 
surface water quality. 

2. Materials and methods 

Soils were typic Dystrochrepts (Soil Survey Staff, 
1975). Soil texture was loam (40- and 60-year-old 
stands) and silt-loam (20-year-old stand) in the top 
80 cm layer, and loam (all stands) in the deepest 
horizons. The organic matter content of the upper 
soil horizons was rather high in all stands and some- 
what higher in the 20-year-old stand. Organic nitro- 
gen followed the same tendency. Total Ca and Mg 
were somewhat higher and K lower in the soil of the 
20-year-old stand than in the older stands. The pH 
showed no differences between stands. The young 
stand had higher exchangeable Ca”.’ and Mg” 
concentrations in the upper soil horizons than the 
other stands but also higher concentrations of ex- 
changeable Al”+. The ‘base’ cation saturation in the 
deepest soil layers was highest in the 20-year-old 
stand. 

Only the essentials are indicated here as a detailed The storage of total and of available elements in 
description of the site and instruments has already the organic and mineral soil are presented in Table I. 
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2.3. Measurement of atmospheric input and seepage 
watet 

Nutrient fluxes were measured in four compart- 
ments of the ecosystem following the classical model 
for forest plot studies. Compartments were: (i) open 
area, (ii) canopy, (iii) forest floor and (iv> soil (sub- 
divided into four layers in the 40- and 60-year-old 
stands, and into three layers in the 20-year-old stand). 

Fluxes through the forest floor and within the soil. 
which were measured by lysimeters, were inadequate 
for estimating soil water seepage because it was not 
possible to determine the volume 01’ soil actually 
drained by the lysimeters. 

Daily bulk precipitation in the open area ( Pt) was 
collected by an automatic rain gauge. Flux through 
the canopy was considered to be total throughfall 
plus stemflow (TS). which were sampled, respec- 
tively, by double gutters under the canopy (three 
replicates per plot) and collars around tree trunks 
(ten replicates per plot). Stemflow was locally large 
and often overflowed containers (60- 120 l), but it 
only represented 3% of 7’S when the total plot area 
was considered. Forest floor solutions (FF) were 
collected by three sets of nine narrow lysimeters. 
Gravitational soil solutions from 15 cm (P-15). 30 
cm (P-30). 60 cm (P-60) and 120 cm depth (P-120) 
were sampled by zero-tension plate lysimeters (four 
replicates per level) in the 40- and 60-year-old stands 
and only from the top three levels in the 20-year-old 
stand. 

A water flux model (Villette. 1994) was then used 
to quantify fluxes through the ecosystem, This model 
was first developed by Breda (1994). Daily rainfall 
was available from field measurements: model fluxes 
were estimated daily and cumulated over a 4 week 
period to coincide with the water chemistry data. 
Assumptions for model calculations were mainly 
based on earlier investigations by Aussenac and 
Boulangeat (1980) and Granier (1987). Parametrisa- 
tion was adapted to the present study according to 
the structure of stands and to the local climate 
conditions. 

The general equation of the model 1s 

Pr = ItI + TR + ET,, + AS,,,;, + DR 

Collection and measurements started in July 1992 
and ended in June 1995. 

2.4. Solutiotl analyses 

where Pt is incident precipitation, In is canopy 
interception, TR is transpiration of trees. E%; is 
evapotranspiration of the understorey. AS,,,,, is soil- 
water storage variation and DR is drainage at 60 or 
120 cm depth. Pr was mainly obtained from local 
measurements but occasionally had to be corrected, 
using its relationship with throughfall when monthly 
rainfall was lower than monthly throughfall (this 
happened during some snow events). 

After volume measurement and sampling, the so- 
lutions were carried to the laboratory, filtered (0.45 
pm), maintained at 4°C and analysed as quickly as 
possible. Measurements of pH were made with a 
single-rod pH electrode (XEROLIT’) connected to 
a Mettler DL21 pH meter. Nitrate, ammonium and 
chloride were measured by calorimetry (Technicon 
autoanalyser II) and total Si, S, P, K, Ca, Mg, Mn. 
Na. Fe and Al by ICP emission spectroscopy (JY 38 
Plus spectrometer). Total organic carbon (TOC) was 
measured during the first year on an TCM 480 (Erba 
Science) apparatus and subsequently on a TOC 5050 
(Shimadzu). 

Interception was calculated by the equation 

In = PI - TS 

Ts in the model was estimated by computing 
throughfall (THR) and stemflow (STF) separately 
with the following equations calibrated for the stands 

2.5. Water fluxes 

THR 0.87X(Pt- I)‘.‘ 
~ = 

Pt 2.X+(Pf- I)” 

STF 0.025X(/+- I)’ 
- zz 
Pt 7i(Pt- I)\ 

TR was not measured directly but estimated by 
the relationship with potential evapotranspiration 
(PET) calculated from the Penman equation 

TR = 0.65 X PET 

Fluxes in the first two compartments, Pt and 7’S, The coefficient 0.65 was derived from sap-flow 
were directly available from field measurements. measurements and a water balance obtained on Dou- 
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glas-fir stands in the Lorraine region by Aussenac 
and Boulangeat (1980) and Granier (1987); PET was 
provided by the Meteorological Station of ‘Tarare- 
Les Sauvages’ situated 50 km further south at the 
same elevation. Granier (1987) observed that this 
coefficient varied with the relative extractable water 
CREW) in the soil. REW is defined as 

is soil moisture at pF = 4.2, Da is apparent density 
of fine earth, 5, is volumetric proportion of stones 
and p is the density of water (1 kg 1-l). 

Under soil water limiting conditions (water stress), 
TR was assumed to decrease linearly with REW, 
according to observations made in four Douglas-fir 
stands (Aussenac and Boulangeat, 1980) 

extractable soil water 
REW = 

maximum available soil water 
TR = 0.65 x PET x REW/0.4 

Maximum available soil water (Ws) was defined as 

Ws=(M,-MpF4.?)XDaX(1-Sp)Xp 

where IV, is soil moisture at field capacity, MpF4,? 

The limitation of TR when foliage is wet was also 
taken into account in the model. 

ET, was estimated for each stand from the esti- 
mated global radiation decrease between open area 

compartments 

Pt 

TS 

FF 

P-15 

P-30 

P-60 

P-120 

(fog and clouds ); 
not mawed 

ASsoil = f(Ws) , 
uptake = f(root distribution) - - 

\’ 
\’ \ 

* flux partitioN!ing= 

/ 

Fig. 1. Schematic water fluxes after the model developed by Villette (1994). 

f(porosity) 
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(Rg,) and under tree cover (Rg,) according to the 
following formula 

Q” 
ET, = PET X - X REW,,, 

Rgo 

Rg, and Rg, were measured with a lux meter: 

REW,, is the relative extractable water in the upper 
30 cm soil layer. 

Actual evapotranspiration of stands ( ET ), which 
did not appear in the general equation, was calcu- 
lated as: ET = TR -+ ET,, + In. 

K,,, was the variation of the available water 
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Fig. 2. (a) Relationship between measured water (1) from lysimeters and estimated water fluxes (mm) in the soil. t’b) Relationship between 
measured water from P-30 lysimeters and estimated water fluxes in the soil at 30 cm depth. As sampling was done every 4 weeks. there are 

some months where sampling occurred twice. 
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Fig. 2 (continued). 

content in each soil layer during the water flux, i.e. 
final water content minus initial water content. 

Water fluxes were calculated by considering each 
compartment as a black-box and fluxes resulted from 
the balance between gain and loss in each box (Fig. 
1). 

Input-output calculations in the overground com- 
partments (Pt and TS) assumed that input equalled 
Pt and output was equal to In + ET + ET,. 

Forest floor water flux was considered as TS - 
ET,. 

Mineral soil was divided into four layers corre- 
sponding to the lysimeter depths for characterising 
individual budgets: O-15, 15-30, 30-60 and 60-120 
cm. Input to the O-15 cm soil layer was the drainage 
flux from forest floor and so on for the next soil 

layer down to a depth of 60 or 120 cm. Water 
penetration into each soil horizon was portioned out 
into a quick flux along the macroporosity .and a slow 
diffusion flux along the microporosity. Water losses 
by evapotranspiration were assumed to be propor- 
tional to the distribution of roots in each soil layer 
which was evaluated from grid measurements on two 
soil pits per stand. If the budget was positive then 
drainage (DR) occurred, if negative then the soil 
reservoir was being emptied by the plants. 

Significant correlation between measured and cal- 
culated values of Pt and TS (n = 37; rxo = 0.95, 
rdo = 0.97, rGo = 0.97) and very close absolute val- 
ues were observed. Estimated soil water fluxes 
showed a time pattern variation rather well corre- 
lated with water volume obtained from the lysime- 
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ters (Fig. 2(a)Fig. 2(b)) but direct comparison of 
absolute values was not possible. Nevertheless, any 
errors in the estimations would not affect compar- 
isons between stands since they would apply to all 
stands equally. 

2.6. Nutrient fluxes 

Element fluxes were obtained by weighting con- 
centrations with the calculated water fluxes from the 
model. Seasonal and annual fluxes were the total 
amount of fluxes at the end of each season or year. 

Seasons were defined as follows: summer, July to 
September; autumn, October to December; winter, 
January to April; spring, May to late June. 

2.7. Partitioning of atmospheric input 

Total atmospheric deposition (TD) to forest 
ecosystems are separated into wet deposition (Pt), 
dry deposition (DD), and cloud and fog droplet 
deposition Which, 1983; Lovett and Lindberg, 1984). 
During the 3 years of measurement cloud and fog 
were considered as negligible; Pt solutions, which 
were sampled as bulk precipitation, were considered 
as wet deposition in the calculations. 

TD., = Pt, + DO,, x = chemical element (1) 

Canopy interaction processes (0). i.e. canopy 
leaching and canopy uptake, alter the solution chem- 
istry down through the canopy and are implicit in 
throughfall and sternflow measurements. 

TS, = Pt, + DD, + Ci ‘i (2) 

Lack of reliable measurement methods for DD 
and Ci fluxes made it necessary to use the calcula- 
tion approach first described by Ulrich (1983) and 
adapted here. It was assumed that Ci was negligible 
or did not exist for certain elements (e.g. Na and S) 
which therefore could be used as tracers for calculat- 
ing DD for other elements. Unlike Ulrich (1983) 
and Bredemeier (19881, we did not separate particu- 
late and gas deposition and S-SO:- was used as a 
tracer in addition to Na. This option was supported 
by the behaviour of elements in Pt solutions. Na+ 
was better correlated with H,PO;-P, K+, Ca2+ and 
Mg2+, and Sot--S with NH:-N and NO;-N. Thus, 
Na+ was used as a tracer to calculate DD for 

H,PO,-P, K+, Ca” and Mg”, and SO’---S was 
the element tracer for NH:-N and Not-N. Dry 
deposition of Na+ and SO:--S was considered as 
TS - Pt. DD for the other elements was calculated 
with the following equations 

x pt., 

.v = NH:-N andNO;-N 

Once all the DD values were obtained, canopy 
interactions were calculated using Eq. (2). A positive 
Ci value was considered as canopy leaching and a 
negative value as direct uptake from the canopy. 
This indicated the net result of the dominant pro- 
cesses occurring in the canopy. Thus, the rate of 
uptake CC,,) from total deposition and the rate of 
leaching CC,,) by TS solutions were calculated as 
follows 

Ci 
C,,(%) = E x 100 t I wj 

2.8. Nutrient budgets 

Nutrient budgets were established for the major 
cations and anions; two soil depths were succes- 
sively considered as the output reference level: 60 
cm depth for all stands and 120 cm depth for the 40- 
and 60-year-old stands. The terms of fhese budgets 
were as follows 

Input = Pt + DD + (weathering) 

Because weathering could not be estimated reliably, 
it was not taken into account in the present input 
calculation. 

Output = Biomass immobilisation + leaching out of 

the soil (P-60 or P- 120) 

Biomass immobilisation (roots not in&de& rep- 
resented the mean current immobi&&ion (MCI) 
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Fig. 3. Annual and seasonal variations of water input-output fluxes in the 40-year-old stand. As sampling was done every 4 weeks, there are 

some months where sampling occurred twice. 

Table 2 
Annual water fluxes (mm) estimated by the water balance model (Villette, 1994) 

Pt T s In PET ET TR ET, Drainage a 

P-15 P-30 P-60 P-120 

20.year-old stand 

1992/1993 821 604 
1993/1994 1060 778 
1994/1995 1193 923 
Year average 1025 768 

40-year-old stand 
1992/1993 821 604 
1993/1994 1060 778 

1994/1995 1193 923 
Year average 1025 768 

60-year-old stand 
1992/1993 821 604 

1993/1994 1060 778 
1994/1995 1193 923 
Year average 1025 768 

Annual average for all stands 
1025 768 

19 198 569 542 331 12 529 455 350 290 
24 257 601 614 344 13 702 621 511 449 
28 242 671 633 377 13 850 769 654 581 
24 233 614 596 351 13 694 615 505 440 

19 198 569 567 331 38 459 382 308 265 
24 257 601 631 336 37 635 550 476 435 . 
28 242 671 618 339 37 798 718 635 595 

24 233 614 605 335 37 631 550 473 432 

19 198 569 591 331 62 453 360 265 242 
24 257 601 654 337 60 628 528 435 413 
28 242 671 641 340 58 787 694 598 572 
24 233 614 629 336 60 622 527 433 409 

24 233 614 610 341 37 649 564 470 427 

a P-15, P-30, P-60 and P-120 represent drainage from 15, 30, 60 and 120 cm depth, respectively. 

Pt, bulk precipitation; T, throughfall; S, stemflow: In, interception; PET, Penman evapotranspiration; ET, estimated evapotranspiration: TR, 
transpiration; ET,, evapotranspiration of understorey. 
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which was calculated from the total nutrient content 
(Tnc) estimated for each stand (Ranger et al., 1995) 

MCI (20-year-old stand) = 
(Tnc 20) 

2. 

MCI (40-year-old stand) = 
(Tnc 40 - Tnc 20) 

20 

MCI (60-year-old stand) = 
(Tnc 60 - Tnc 40) 

20 

For the 40- and 60-year-old stands, the nutrient 
amount exported by thinning was included in the 
calculation of MCI. This amount was evaluated by 
applying the mean nutrient concentrations observed 
in the samples to the biomass exported by thinnings 
(data given by the Forest Management Service). 

Budgets for rotations lasting of 20, 40 or 60 years 
were calculated as follows: 

Reference level at 60 cm depth 
20-year-old stand: average annual budget (20- 
year-old stand) X 20 (A) 
40-year-old stand: average annual budget (40- 
year-old stand) X 20 + A (B) 
60-year-old stand: average annual budget (60- 
year-old stand) X 20 + B 

Reference level at 120 cm depth 
40-year-old stand: average annual budget (40- 
year-old stand) X 40 (C) 
60-year-old stand: average annual budget (60- 
year-old stand) X 20 + C 

3. Results 

3.1. Water flux 

Precipitation averaged 1025 mm per year. The 
first year sampled (1992/1993) was drier than the 
others with a total rainfall of 821 mm and a particu- 
larly dry winter period. Mean seasonal rainfall was 
lowest in summer, when the water flux at the bottom 
of the soil was very low (Fig. 3). 

Canopy interception, throughfall and stemflow 
amounted to 23%, 75% and 2% of mean incident 
rainfall, respectively. The mean annual loss of water 
by ET and TR was 610 mm and 341 mm, respec- 
tively, i.e. 60% and 33% of the incident precipitation 
(Table 2). 

Water fluxes decreased from Pt to P-120 and this 
decrease was more accentuated during spring and 
summer (Fig. 4(a)). 

Net annual water loss at the soil bottom averaged 
427 mm but a strong variability (range = 250-600 
mm> related to rainfall input was observed. Stand 
variability was limited, less than 5% of the general 
mean. 

3.2. Nutrient ,flux 

Nutrient fluxes showed the following general 
trend: (i) they were low in the first two compart- 
ments (Pt and 7X). (ii) increased in the upper soil 
layers (from FF to P-30) and then (iii) decreased 
with soil depth (Fig. 4(a)Fig. 4(b)Fig. /I(c)F 4(d)). 

Mean annual fluxes of the three stands are pre- 
sented in Table 3. Yearly rainfall input to the ecosys- 
tem per hectare was 27.4 kg TOC, 5.9 kg Cll, 5.5 
kg SO;--S, 4.8 kg NO,-N, 3.6 kg NH;-N, 3.1 kg 
Cal+, 3.0 kg Na+, 2.0 kg K+, 1.0 kg H,PO;-P and 
less than 1.0 kg for Si, Mg”. Mn*+. H’. A13’. and 
Fe” 

TS solutions were enriched in some elements and 
impoverished in others as a consequence of canopy 
interactions. The partitioning of atmospheric input 
was used to estimate dry deposition, canopy leaching 
and direct uptake of nutrients by the canopy (Table 
4). Mean total deposition (TD) was estimated at 12.5 
kg S, 10.8 kg NH:-N, 8.2 kg NO-;-N, 5.7 kg CaL+. 
5.3 kg Na’. 3.5 kg Kf. 1.6 kg H,POb-P and 1.0 kg 
Mg” ha-’ year-‘. Some 58% of H,PO;-P and 
48% of NH:-N were in average taken up from the 
total deposition by the canopy. K-, Ca- and Mg- 
leaching were respectively estimated at 78%. 36% 
and 52% of TS. Thus, fluxes reaching the soil sur- 
face (TS) were on average 103.0 kg TOC. 18.6 kg 
Kf, 14.6 kg Cl. 12.5 kg SO:--S, 9.1 kg Ca”‘, 8.6 
kg NOT-N, 5.7 kg NH,“-N, 5.3 kg Na’.. 2.1 kg 
Mg” and less than 2.0 kg for Mn”, Si, H,PO;-P. 
Fe’+, A13’ and Hf ha-’ year-’ (Table 3). 

The downward fluxes (FF) of all elements signifi- 
cantly increased, the highest nutrient fluxes were 
those of K’. Ca’+. and NOT-N, which averaged. 
respectively, 51.8, 45.0 and 43.6 kg ha- ! year ’ 

Most of the fluxes then decreased with depth, but 
large amounts of nutrients flowed out of the deepest 
soil layer where mean fluxes amounted to 30.7 kg 
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SOi--S, 26.6 kg NO;-N, 14.8 kg K+ and 14.5 kg 
Ca2+ ha-’ year-’ (Table 3). 

3.3. Seasonal and stand age variations 

Seasonal patterns according to stand age are pre- 
sented for some elements on Fig. 4(a)Fig. 4(b)Fig. 
4(c)Fig. 4(d). Most elements reached their highest 
values in autumn and winter. During these seasons, 
the decreasing trend with depth did not occur; sev- 
eral elements showed higher fluxes at P-120 than in 
the upper layers. Elements like NO;-N, K+, Ca’+ 

and Mn2+ also showed large fluxes in summer. 
TOC, at the FF level, was elevated throughout the 
year. 

Fluxes of most elements were highest in the 
20-year-old stand, irrespective of season and com- 
partment except for NO;-N, Ca2+, Na+ and Cl- in 
Pt and TX 

Comparing fluxes was more complicated in the 
other two stands. In spring and summer, fluxes at all 
levels were low and generally less variable between 
stands than during the other seasons. In autumn and 
winter, Pt and TS did not differ between the 40- and 

Table 3 
Mean annual fluxes in the stands and average fluxes for all stands (values are in kg ha- ’ year- ‘, except for water flux which is in mm) 

Compartment Waterflux NH,-N NO,-N SO,-S H,PO,-P K Ca Mg Na Mn H Al Fe Si Cl TOC 

20-year-old stand 

Pt 1025 

TS 792 
FF 141 

P-15 686 

P-30 559 

P-60 395 

lo-year-old stand 
PI 1025 

TS 792 

FF 130 

P-15 586 

P-30 547 

P-60 462 

P-120 399 

60-year-old stand 

Pt 1025 

TS 792 

FF 109 

P-15 620 
P-30 511 

P-60 324 

P-120 312 

Average for all stands 
Pt 1025 
TS 192 

FF 727 

P-15 631 

P-30 539 

P-60 394 

P-120 a 356 

4.8 3.6 5.5 1.0 2.0 3.1 0.6 3.0 0.2 0.1 0.1 0.4 0.6 5.9 27.4 
3.8 4.0 11.2 0.8 21.4 6.5 2.0 3.1 1.9 0.0 0.2 0.5 1.1 12.4 98.7 

13.9 66.0 32.4 4.2 85.6 67.1 12.1 9.1 6.3 0.1 5.2 1.4 19.6 33.0 293.5 
2.7 85.8 30.0 0.7 31.1 40.7 11.5 6.7 15.0 0.4 32.7 1.5 29.6 17.7 160.8 
3.5 90.3 39.7 0.6 42.2 56.9 14.5 7.6 12.3 0.3 28.3 0.6 25.8 20.9 107.5 
2.3 36.6 15.5 0.3 22.7 21.7 9.1 9.1 3.2 0.1 10.1 0.4 14.0 22.2 87.8 

4.8 3.6 5.5 1.0 2.0 3.1 0.6 3.0 0.2 0.1 0.1 0.4 0.6 5.9 27.4 
6.0 10.1 13.5 0.6 15.0 10.7 2.2 5.3 2.1 0.2 0.4 0.6 0.6 14.6 106.0 

12.0 33.3 18.8 1.6 31.0 35.8 5.9 7.4 11.1 0.2 3.6 2.1 12.6 27.0 290.7 
4.1 38.7 23.5 0.4 14.0 30.9 7.0 6.7 7.6 0.3 17.5 1.0 22.0 17.7 163.0 
2.0 27.6 23.9 0.6 10.6 20.4 6.4 5.6 6.7 0.2 14.6 0.6 21.5 14.1 85.0 
0.3 24.9 23.1 0.7 7.7 10.2 5.1 4.7 4.1 0.2 15.4 0.3 23.3 8.5 22.5 
0.6 21.1 45.6 0.4 20.6 13.6 7.0 12.7 5.0 0.2 21.2 0.3 19.5 28.2 35.8 

4.8 3.6 5.5 1.0 2.0 3.1 0.6 3.0 0.2 0.1 0.1 0.4 0.6 5.9 21.4 
7.3 11.8 12.7 0.7 13.4 10.1 2.2 6.8 1.5 0.2 0.5 0.6 0.6 16.8 104.2 

11.2 31.5 13.7 1.8 38.8 32.2 6.1 5.8 7.2 0.2 3.3 1.8 9.0 26.7 294.0 
1.5 70.8 16.9 0.6 23.0 47.4 8.4 5.9 7.0 0.3 21.1 0.6 30.4 15.5 103.4 
0.9 36.0 12.7 0.5 10.5 19.5 4.8 4.2 5.0 0.2 12.0 0.4 19.9 10.4 45.2 
0.4 5.9 14.7 0.3 4.9 5.1 1.8 2.7 1.7 0.1 5.4 0.2 7.8 6.0 17.7 
0.3 32.2 15.7 0.3 9.0 15.3 4.6 4.3 6.2 0.1 13.1 0.2 1;!.8 8.2 14.1 

4.8 3.6 5.5 1.0 2.0 3.1 0.6 3.0 0.2 0.1 0.1 0.4 0.6 5.9 27.4 
5.7 8.6 12.5 0.7 18.6 9.1 2.1 5.3 1.8 0.1 0.4 0.6 0.8 14.6 103.0 

12.4 43.6 21.6 2.6 51.8 45.0 8.0 7.4 8.2 0.2 4.0 1.8 13.7 28.9 292.7 
2.8 65.1 23.5 0.6 22.7 39.7 9.0 6.4 9.9 0.3 23.7 1.1 27.3 17.0 142.4 
2.1 51.3 25.4 0.6 21.1 32.2 8.6 5.8 8.0 0.2 18.3 0.5 22.4 15.1 79.2 
1.0 22.5 17.8 0.4 11.8 12.4 5.4 5.5 3.0 0.1 10.3 0.3 15.0 12.2 42.7 
0.5 26.6 30.7 0.3 14.8 14.5 5.8 8.5 5.6 0.1 17.2 0.2 16.2 18.2 24.9 

a Average for the 40- and 60-year-old stands. 
Pt. bulk precipitation; TS, throughflow + stemflow: FF. forest floor; P-15, P-30, P-60 and P-120. lysimeters at 15, 30, 60 and 120 cm 
depth. 
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60-year-old stands. SO:--S, TOC, Cl-, Na+. and 
Mn’+ fluxes tended to be highest in the 40-year-old 
stand for all soil layers. NO,-N, Kt and Ca” 
tended to be highest in the 60-year-old stand, and 
TOC and Mn’+ in the 40-year-old stand at 15 cm 
depth. Below this depth, NOT-N, Kt, Cal’, TOC 
and Mn*’ tended to be the highest in the 40-year-old 
stand. Al’+ and Mg*+ were highest in the 40-year- 
old stand at all depths in winter and below 30 cm in 
autumn. 

Canopy interactions were also strongly affected 
by stand age and seasonality (Tables 4 and 5). 
Uptake of NH:-N and NOT-N tended to be a little 
higher in the 20-year-old stand than in the older 
stands, and the reverse was true for H?PO;1-P. No 
NOT-N uptake was observed in the 60-year-old stand 
and in the 40-year-old stand the uptake of nitrate was 
only observed during 1 year. Most of the NH:-N. 
NO,-N and H,PO,-P uptake occurred in spring 
(Fig. 4). K- and Mg-leaching were as follows: 20- 
year-old > 40-year-old > 60-year-old stand, but Ca- 
leaching was highest in the 40-year-old stand. Values 
of Ca- and Mg-leaching were larger during the dor- 
mant season (autumn-winter) (Table 5). Seasonality 
of K+ and TOC fluxes in TS solutions was as 
follows: spring > summer 2 autumn L winter (Fig. 
4(a)Fig. 4(b)). 

Canopy interactions varied annually for most ele- 
ments: NH:-N and Hz POT-P uptake tended to de- 
crease from 1992/1993 to 1994/1995 but the oppo- 
site trend applied to K-, Ca- and Mg-leaching. Total 
deposition of all elements was larger in 1993/1994 
than in the other years (Table 4). 

3.4. Input-output budgets 

Tables 6-8 present the results of seasonal, yearly 
and mean annual budgets calculated for each stand 
and for various rotation lengths, i.e. 20, 40 or 60 
years. All calculations were made considering two 
criteria for output from the soil, i.e. at 60 and 120 
cm depth (only 60 cm depth for the 20-year-old 
stand). 

Mean budgets of all elements except phosphorus 
were negative, but weathering inputs were not calcu- 
lated. 

Deficit or excess of nutrients varied over the 3 
years. The deficit for most elements tended to be 

highest in 1994/1995 and the excess of P was 
highest in 1993/ 1994. 

Annual average deficits for N, K. Ca and Mg, at 
60 cm depth, varied with stand age as follows: 
20 > 40 > 60. In the case of S the picture was: 
40 > 20 > 60. 

The most positive phosphorus budget occurred in 
the 60-year-old stand. 

At 120 cm depth, the budgets were generally 
more negative than at 60 cm depth. In the 40-year-old 
stand, this was true for all elements except nitrogen. 
but in the 60-year-old stand this was the case for all 
elements. These two stands differed tremendously as 
discussed previously in the qualitative approach: 
cation losses in the 40-year-old stand were related to 
S dynamics. whereas those in the 60-year-old stand 
were related to N dynamics. 

Seasonal budgets showed that elements were 
mainly lost during the dormant season. At 60 cm 
depth, N-deficits in the 20- and 40-year-old stands. 
for example. amounted respectively to 22.1 and 11.1 
kg ha ’ year -’ in the dormant season but decreased 
to 4.3 and 2.4 kg ha- ’ year-’ in the growing 
season. At 120 cm. N. K, Mg and S losses were 
reduced on average by 80% or more and Ca losses 
by 40% during the growing season (Table 7). 

4. Discussion 

4. I. Nutrient fluxes 

Mean wet deposition (Pt) was compared with the 
RENECOFOR network data Which and Lanier, 
1994). NH:-N, NOT-N, SO:--S and Kf fluxes in 
the Beaujolais area were similar to mean values (27 
sites) from this French monitoring network; Ca”’ 
and Mg’” fluxes in the Beaujolais were lower. 
Specific comparison with the Douglas-fir site of this 
network (situated in the Morvan about 80 km further 
north), showed that rainfall input was generally lower 
in the Beaujolais, except for KC. Direct comparison 
between sites for total deposition (TD) was not 
possible but comparison of bulk throughfall indi- 
cated higher nitrogen and lower sulphur and ‘base’ 
cations in the present site. Values were very clase to 
those from the Douglas-fir stand in Morvan for all 
elements, except for K+ which was higher in the 
Beaujolais. 
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Mean total deposition to stands was close to the 
values observed by Mohamed (1992) in two different 
adult Norway spruce stands in the Vosges mountains 
(France); the most significant differences were the 
higher SOi--S, Cl- and H+ fluxes in the Vosges 
than in the Beaujolais. Lamersdorf and Meyer (1993) 
and Matzner and Meiwes (1994) who investigated 
Norway spruce stands in Germany, found much 
higher fluxes of NH:-N, NOT-N, SOi--S and Cl- 
than were observed in the present study or by Mo- 
hamed (1992) (2.5-3 times higher). Atmospheric 
deposition of NH:-N, NO,-N, SO:--S, Cl-, KC, 
Ca’+, and Mg2+ in Douglas-fir stands in the Nether- 
lands (Draaijers et al., 1988) were much higher than 
inputs in France or Germany. Many reasons may 
explain these differences, one being the presence of 
pollutant sources in the close vicinity. The stands 
from the Netherlands were close to areas where 
animal husbandry was common and where emissions 
of NH, were elevated. Temporal variations, as ob- 
served during the 3 year study period in the Beaujo- 
lais, or during longer studies (Matzner and Meiwes, 
1994) can also affect data, as do local climatic 
conditions such as wind velocity, wind direction 
(Draaijers et al., 1988; Le Borgne, 1992) and time 
between rainfall events (Bastien, 1993). Moreover, 
even stands in similar situations, like the three stands 
in the present study, may differ as a result of stand 
development stage (Marques and Ranger, 1996). 

Estimated contributions of dry deposition to total 
deposition of N, K, Ca, and Mg were close to values 
obtained by Dambrine and Prevosto (1988) for Nor- 
way spruce stands in the Vosges mountains. 

Nutrient fluxes were often highest at the forest 
floor level and decreased with soil depth following 
the pattern of water flux (Fig. 4(a), Fig. 4(b), Fig. 

4(c) and Fig. 4(d)). This suggests that nutrient fluxes 
were mainly related to mass-flow. This was con- 
firmed by the significant correlations between fluxes 
of most nutrients and water flux, indicating that 
variation of concentrations with time was less conse- 
quential than that of water flux (Table 9). This 
pattern of decreasing fluxes with soil depth has been 
frequently observed in many forest ecosystems for 
both qualitative (Feller, 1977; Edmonds et al., 1991; 
Ranger and Nys, 1994) or quantitative (Cole and 
Johnson, 1977, Mohamed and Ranger, 1994) fluxes 
and has been attributed to the reduction of water 
flux, to plant uptake, and to adsorption processes in 
the soil’s mineral or organic phases. 

In the present study, the elevated nutrient fluxes 
at the FF level were associated with nutrient release, 
i.e. litter leaching and/or organic matter mineralisa- 
tion. 

At the P- 15 level, reduction in the ‘base’ cation 
fluxes was related to plant uptake while reduction of 
the NH:-N flux was considered to be associated 
with both plant uptake and nitrification. The large 
flux of nitrate in the upper soil layers was interpreted 
as an excess in the balance between production and 
plant uptake. The behaviour of Al’+ and Si. which 
was similar to that of NO;-N, was considered to be 
a consequence of the neutralisation of Hf due to 
nitrification within the soil, by ion exchange or 
weathering reactions. All these aspects have been 
discussed in the qualitative approach of this study. It 
was pointed out that local mineralisation rather than 
nutrient transport from upper layers was the main 
process contributing to the quality of solutions 
throughout the soil profiles. Nevertheless, the be- 
haviour of the NO;-N flux in the 20-year-old stand 
(Fig. 4(a)) suggests that NOT-N was transported 

Table 9 
Correlation coefficients between water and element fluxes at different depths in the soil (from mean data of stands) 

Flux NH,-N NO,-N SO,+ H,PO,,-P K Ca Mg Na Mn H Al Fe Si Cl TOC 

Forest floor 0.49 0.59 0.61 0.58 0.53 0.65 0.67 0.60 0.67 0.73 0.68 0.86 0.72 0.79 0.79 

P-15 0.43 0.69 0.79 0.49 0.71 0.79 0.80 0.80 0.71 0.87 0.75 0.80 0.77 0.84 0.84 
P-30 0.3 1 0.63 0.71 0.57 0.60 0.68 0.67 0.82 0.76 0.90 0.67 0.74 0.75 0.79 0.67 
P-60 0.31 0.67 0.94 0.5 1 0.52 0.67 0.71 0.63 0.72 0.90 0.81 0.63 0.82 0.66 0.50 
P-120 0.43 0.62 0.82 0.44 0.86 0.87 0.87 0.77 0.81 0.93 0.82 0.68 0.81 0.72 0.60 

Forest floor. n = 109: P-15, 15 cm depth (n = 105); P-30, 30 cm depth (n = 98): P-60, 60 cm depth (n = 71): P-120, 120 cm depth 
(n = 60): I = 0.32 is significant at the 99% confidence level for n = 60. 
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from the P-15 level in autumn to the P-30 level in 
winter, at least in this stand. A more detailed analy- 
sis (Fig. 5) indicated that this transport from the P- 15 
to the P-30 level from one season to another oc- 
curred during the autumn/winter of 1994/1995 but 
was not observed during other periods. 

At P-60, nutrient fluxes were lower than in upper 
soil layers but were still high for some elements, 
especially in the 20-year-old stand. This was due to 
the high soil organic matter content in the 20-year-old 
stand which acted as a source of nutrients to the soil 
solution. Consequently, the nutrient output was large. 
This behaviour may be a consequence of two addi- 
tional factors: (i) the high soil organic matter content 
itself and (ii) the decomposition of this soil organic 
matter, which was inherited from ancient land use. 
The young Douglas-fir plantation probably affected 
the stability of the pre-existing organic components 
in the soil and therefore resulted in imbalance within 
the soil. Another hypothesis is that this imbalance 
resulted from the clear-cutting of the ancient forest 
plantation (Likens et al., 1977; Kubin, 1995). Re- 
search on the history of this plot revealed that the 

land was used for crops from 1824 to 1930, then 
planted with Norway spruce, which was logged 
around 1970 when the current Douglas-fir stand was 
planted. 

At P-120, fluxes were on average lower than at 
P-60 but most nutrient fluxes increased sharply in 
autumn-winter when large water fluxes reached this 
layer. Many mechanisms may account for this be- 
haviour, such as changes in plant uptake or reduction 
in percolation rates, which would increase the resi- 
dence time of solutions at the bottom of the soil 
(Ugolini et al.. 1977). It was hypothesised in the 
qualitative approach that some nutrients were pro- 
duced locally but doubt remained. This quantitative 
study provided more information. Fluxes that oc- 
curred simultaneously at P- 15 and P-120 suggest that 
nutrient transport from the upper to the bottom levels 
did occur, but the simultaneous flux reduction at 60 
cm led to two hypotheses: (i) solutions were trans- 
ferred directly from P-30 to P- 120 along preferential 
channels (e.g. dead roots) or (ii) nutrients were pro- 
duced locally in the deepest horizon. The location of 
SO:--S flux maximum at P-120, particularly in the 
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Fig. 5. Monthly water and NO,-N fluxes in the P-15 and P-30 lysimeters of the 20-year-old stand. As sampling was done every 4 weeks. 
there are some months where sampling occurred twice. 
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40-year-old stand, seems to exclude the transport 
hypothesis (Fig. 6(a)). Marques et al. (1996) ob- 
served a high concentration of combined sulphur 
compounds (probably organic compounds) in the 
‘capillary’ solutions collected at 120 cm in the 40- 
year-old stand, suggesting that organic matter com- 
ponents were destabilised locally. Doubts still remain 
regarding why SO:--S was the dominant anion in 
the 40-year-old stand and NO,-N in the 60-year-old 
stand (Fig. 6(a)Fig. 6(b)). It was concluded in the 
qualitative approach that a reduced nitrification in 
the 40-year-old stand was probably the reason for 
this specific behaviour. This could also be related to 
different N/S ratios in the organic pool of each 
stand as a consequence of differences in the former 
land occupation. The land of the 60-year-old stand 
had previously been used for crop production, since 
1824 at least, whereas that of the 40-year-old stand 
was abandoned land in 1824, since 1870 had been 
afforested with Norway spruce (two generations of 
about 40 years) and then with Douglas-fir, more 
recently, in 1955. 

In spite of unsatisfactory understanding of the 
actual processes, excess of nitrate or sulphate pro- 
duction over consumption led to large fluxes of 
‘base’ cations at the P-120 level, which can be 
considered as unavailable for plants. 

Solutions leaving the rooting zone of the 40- and 
60-year-old stands contained on average 4.9 mg I-’ 
of A13+. As only total Al was measured, Al”+ 
probably represented about 2.5 mg 1-l) according to 
the solution’s pH (Driscoll, 1989). Analyses from a 
spring (11 monthly samplings) showed that the pH 
of surface waters was close to neutrality and their Al 
content was very low. This indicates that drainage 
water was neutralised somewhere in the subsoil, 
safeguarding the quality of surface waters (data not 
shown). 

4.2. Input-output budgets 

Atmospheric inputs into the Douglas-fir stands 
were among the medium range of values for forest 
ecosystems in France. Outputs were high and due to 
nutrient losses by seepage rather than to biomass 
immobilisation. 

Annual variations in the nutrient budget were 
large during the 3 years of investigation. Annual 

deficits tended to be correlated with the amount of 
rainfall: 1992/1993 < 1994/1995. Deficits were 
generally highest during the dormant season despite 
the lack of nutrient immobilisation by stands. This 
was related to large water fluxes, which typically 
belong to the cold season under temperate climates, 
and to drainage of elements at the bottom of the soil 
(Fig. 4(a), Fig. 4(b), Fig. 4(c) and Fig. 4(d)). Atmo- 
spheric inputs were totally removed by seepage; in 
addition, a large amount of nitrate produced within 
the soil was drained away and this occurred indis- 
tinctly throughout the dormant season. 

Nutrient outputs during the growing season were 
more strongly related to stand immobilisation than to 
drainage, in the 40- and 60-year-old stands (Table 7). 
Nevertheless, the reverse occurred in the younger 
stand because of its specific soil dynamics as dis- 
cussed before. Nitrate losses during the growing 
season suggest that nit&cation largely exceeded 
forest stand requirements. Negative cation budgets 
were just a consequence of the nitrogen dynamics. 
More sulphate was lost through drainage than through 
immobilisation irrespective of stand age, and this 
was due to a relatively high atmospheric input cou- 
pled to a low immobilisation rate. 

Theoretical budgets assuming forest rotation 
lengths of 20, 40 or 60 years were calculated for 
output levels at 60 and 120 cm depth. Two harvest- 
ing systems were taken into account: harvesting of 
stems only or whole tree harvesting (biomass and 
nutrient content data were presented in detail in 
Ranger et al., 1995). 

For a 60 year rotation (stem only harvesting), at 
60 cm depth, the nutrient deficit (atmospheric input 
- immobilisation - drainage) amounted to 670 kg 
N, 694 kg K, 663 kg Ca, 296 kg Mg and 346 kg S 
(Table 8). Balancing this budget would require an 
annual ecosystem N accumulation of 11 kg and an 
input by weathering of about 12 kg K, 11 kg Ca, 5 
kg Mg and 6 kg S ha-‘. N- and S-sources are very 
difficult to estimate since they are related to the 
behaviour of microorganisms, therefore only internal 
soil fluxes of K, Ca, and Mg are discussed here. 
Bonneau et al. (1991) and Mohamed (1992) esti- 
mated weathering rates, in soils with a similar ‘base’ 
cation content, at 6.8 X 1O-5 kg K, 2 X lo-” kg Ca 
and 5 X 1O-5 kg Mg ha- ’ year-‘. Applying these 
rates to the total amount of elements in the fine earth 
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of the soils (Table 1) yields a weathering flux of 10.5 
kg K. 0.6 kg Ca, and 1.2 kg Mg (assuming the stones 
did not contribute to the weathering flux). Not enough 
data were available to confirm weathering fluxes but 

preliminary results suggest that estimated values were 
reasonable for K but not for Ca and Mg (Ezzai’m et 
al., 1996). It was thus hypothesised that the weather- 
ing flux was sufficient to conpensate for K deficits. 
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Fig. 6. (a) Temporal variations of nitrate, sulphate and estimated water fluxes in the plate lysimeters of the 40-year-old stand. As sampling 
was done every 4 weeks, there are some months where sampling occurred twice. tb) Temporal variations of nitrate, suiphate and estimated 
water fluxes in the plate lysimeters of the 60-year-old stand. As sampling was done every 4 weeks, there are some months where sampling 
occurred twice. 
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Fig. 6 (continued). 

Conservative values for Ca and Mg weathering fluxes 
were adopted, i.e. 3.5 kg Ca ha-’ year-’ and 2.5 kg 
Mg ha-’ year-‘. Even with this conservative hy- 
pothesis, deficits at the end of a 60 year rotation 
amounted to 450 kg Ca and 140 kg Mg. This means 
that the soil has lost about 50% of the Ca and 42% 

of the Mg present in the initial pool of available 
nutrients over the last 60 years. 

For a 60 year rotation, at 120 cm depth, nutrient 
losses amounted to 798 kg N, 991 kg K, 815 kg Ca, 
346 kg Mg and 1380 kg S. Annual weathering fluxes 
necessary for compensating these deficits should be 
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Table IO 

Estimated nutrient budgets for a second 60-year Douglas-fir rotation at the Beaujolais site (data expressed in kg ha- ’ ) 
_---.. 

N S P K Ca Mg 

Stem on/~ hawesting 
Total input 1111.3 737.2 97.x 208.1 339.9 60.‘) 
Total immobilisation 402.1 16.0 32.7 197.1 267.J 34.6 
Total drainage fluxes 1135.3 1215.5 31.3 aJ4.5 511.3 231.5 
Budget for the forest rotation - 396.4 - 494.4 32.8 - 393.4 - 434.8 .- 115.2 

Estimated total weathering 630 210 151) 

Budget including weathering input 236.6 -224.x -- hS.2 

Whole tree harvesting 
Total input 1141.3 747.2 97.x 108.2 339.9 6O.Y 

Total immobilisation 852.0 108.0 72.0 346.0 648.0 70.0 

Total drainage fluxes 1135.3 1215.5 31.3 -104.5 5 12.3 x1.5 
Budget for the forest rotation - 846.0 - 576.4 -6.5 -- 542.3 - 820.4 -- ‘5O.h 

Estimated total weathering 630 2 IO I SO 
Budget including weathering input 87.7 -610.4 100.6 

____ 

16.5 kg K, 13.6 kg Ca and 5.8 kg Mg ha-’ year’. 
Compared with the budget calculated at 60 cm. 
deficits at 120 cm depth did not increase too much. 
Assuming fluxes twice as large as fluxes at 60 cm 
depth, the deficit of Mg may be almost balanced but 
not that of Ca, of which the amount initially avail- 
able would be depleted by 61%. 

Shorter rotation lengths may deplete ‘base’ cations 
dramatically; estimated deficits (at a 60 cm depth) 
would amount to 26 kg K, 19 kg Ca and 9 kg Mg 
ha- ’ year-’ for a 20 year rotation, and to 19 kg K. 
15 kg Ca and 7 kg Mg ha-’ year-’ for a 40 year 
rotation (Table 8). These estimations agree with 
previous works with respect to the negative impact 
of short rotations on nutrient budgets (Switzer and 
Nelson, 1973; Kimmins, 1974, 1977; Leaf, 1979), 
and may be more drastic since losses due to clear- 
cutting and regeneration operations were not esti- 
mated (Likens et al., 1977; Dyck et al.. 1994; Kubin. 
1995). 

Deficits were very much higher for whole tree 
harvesting (WTH) than for stem-only harvesting (SH) 
as a consequence of the huge amount of nutrients 
immobilised in the tree crown (Ranger et al., 1995). 
The cumulation of increased removal from harvest- 
ing and a shorter rotation led to very high nutrient 
demands. The weathering flux required for compen- 
sating the Ca-deficit in a 20 year rotation associated 
with WTH would be 1.6 times greater than under SH 
(Table 8). 

The nutrient budget for a new identical forest 
rotation (SH vs. WTH) was simulated to estimate the 
soil depletion during the next 60 years (Table 10). 
The following assumptions were made: 
1. the impact of the early stage of development on 

organic matter mineralisation would be more or 
less stabilised and the drainage flux at 60 cm 
depth was estimated as the weighted average 
values observed today in the 40- and 60-year-old 
stands; 

2. atmospheric inputs and stand immobilisation 
would remain similar to those of the first rotation. 

Deficits under SH would amount to 395 kg K. 435 
kg Ca and 2 IS kg Mg, per harvesting cycle. repre- 
senting annual losses of 6.6 kg K, 7.2 kg Ca and 3.6 
kg Mg ha-‘. The weathering flux values assumed 
above should be able to compensate for K losses, 
barely compensate for Mg losses but cannot compen- 
sate for Ca losses. The Ca deficit at the end of the 
second Douglas-fir rotation would amount to about 
225 kg. The initial available storage before the first 
rotation, which was estimated at 905 kg Ca (455 kg 
in the present storage plus 4.50 kg lost during the 
first rotation) would be reduced to 230 kg Ca (455 
kg in the present storage minus 225 kg lost during 
the second rotation). Total losses during the 120 year 
period represent 75% of the initial storage. 

With WTH, the imbalance of the ecosystem would 
be almost doubled for N, K and Ca and would even 
extend to P whose budget was positive during the 
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first rotation. The weathering fluxes would barely 
compensate for the K and Mg deficits and in no way 
compensate for the Ca deficit. The present available 
Ca-storage of about 455 kg would be sold out. The 
Ca nutrition of the next generation would undoubt- 
edly be affected. 

If the budget results are confirmed after evalua- 
tion of the weathering fluxes (work in progress), 
severe changes would occur in the soil function 
whatever silvicultural scenario is adopted. The fol- 
lowing changes in soil fertility would occur: 
1. reduction of available Ca pool; 
2. desaturation of the soil exchange complex, ex- 

pressed as an enhancement of Al retention and a 
reduction of ‘base’ cations (BC) on the exchange 
sites; 

3. decrease of BC/Al ratios in the soil solution 
accompanied by the well known consequences for 
plant nutrition (Rest-Siebert, 1983; Huttermann 
and Ulrich, 1984; Boudot et al., 1995). 

5. Conclusions 

The pattern of fluxes obtained after 3 years of 
observation did not give a definitive picture for the 
behaviour of this Douglas-fir ecosystem. Owing to 
large temporal variations, monitoring should con- 
tinue for several years to validate the present trends 
and to reduce the weight of singular climatic years. 

The chronosequence approach proved to be a very 
useful tool to discriminate differences in the plant- 
soil relationships related to stand development. This 
was true in spite of uncertainties regarding the com- 
plete similarity of plot characteristics at time zero. 

Differences in historical land usage of the plots 
certainly affected the dynamics of elements in the 
soil today. However, it is difficult to determine the 
extent of this influence. 

Negative input-output budgets for N, S, Ca and 
to a lesser extent for Mg, suggest that the soil 
chemical dynamics were imbalanced, probably be- 
cause of the impact of the present vegetation. High 
rates of nitrification and organic sulphur oxidation 
indirectly induced strong losses of nutrients out of 
the rooting zone. Soil acidification results more from 
excess nitrification throughout the soil profile than 
from external acidic deposition. An unsolved ques- 

tion is: why was sulphur oxidation the acidifying 
source in the 40-year-old stand and nitrification in 
the 60-year-old stand? 

Negligible impact on surface water chemistry was 
determined by monitoring a spring but requires con- 
firmation by more extensive investigations. 

Stands presently had a satisfactory health status, 
identified from direct morphological observations and 
foliar analysis (Ranger et al., 1995). Nutrient supply 
was large enough to sustain the present high produc- 
tion rate, but negative budgets suggest that this 
ecosystem is not stable and that long-term productiv- 
ity cannot be ensured if a similar trend occurs at the 
next rotation. 

The budget deficits revealed that the present stand 
growth is obtained at the expense of the soil organic 
matter compartment, thereby promoting soil desatu- 
ration which may seriously compromise future forest 
growth. Extrapolation of the budget to the next 
rotation is merely speculative. The trend of decrease 
in the budget deficit with stand age suggests that the 
effect of the vegetation change will be reduced at the 
next rotation but the impact of stand development 
may remain. 

The present results did not lead to definitive 
conclusions about the impact of high productive 
Douglas-fir stands on soil dynamics and surface 
water quality. Nevertheless, the present trend indi- 
cates a very high loss of ‘base’ cations from the soil 
profile, which may decrease soil fertility within a 
rather short time scale. 

A sustainable management strategy for these Dou- 
glas-fir stands should exclude whole tree harvesting 
as this would quickly lead to large soil nutrient 
deficiencies. Silvicultural practices like remnant 
windrowing, remnant burning or full-tree skidding 
would lead to the same result and the maintenance of 
sustainability would require nutrient input by fertili- 
sation. 
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