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Effects of a clear-cut on the in situ nitrogen mineralisation
and the nitrogen cycle in a 67-year-old Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) plantation
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Abstract — In situ net nitrogen mineralisation, deposition, uptake and leaching fluxes were determined in a 67-year-old Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) plantation in the Beaujolais mountains. Measurements were performed during five years before the
clear-cut of the stand and two years after the clear-cut. Deposition and mineralisation of N decreased after the harvest. The drastic decrease in
tree N uptake was counteracted by the developing understorey vegetation. Microbial immobilisation, favoured by the input of organic matter
and the increase in temperature, was probably the cause of a decrease in the net mineralisation of N. Leaching of mineral N at 15 cm depth
decreased after the harvest. However, fluxes of Mg and Ca leached at 60 cm depth did not vary after the harvest.

nitrogen cycle / clear-cut / Pseudotsuga menziesii / leaching / soil

Résumé — Effet de la coupe a blanc d’une plantation de Douglas (Pseudotsuga menziesii (Mirb.) Franco) de 67 ans, sur la production in
situ d’azote minéral et sur le cycle de ’azote. La minéralisation nette, les dép6ts, 1’absorption et le drainage d’azote ont ét€ mesurés in situ
dans une plantation de Douglas (Pseudotsuga menziesii (Mirb.) Franco) de 67 ans, située sur sol acide dans les monts du Beaujolais. Les
mesures ont été effectuées pendant cinq ans avant la coupe a blanc du peuplement, puis pendant 2 ans apres la coupe. Les dépdts d’azote
atmosphérique et la minéralisation de 1’azote diminuent apres la récolte. La diminution du prélevement d’azote par les racines est limitée par
le développement de la végétation herbacée. L’immobilisation microbienne de 1’azote, favorisée par les apports de matiére organique et
I’augmentation de la température, est supposée étre la cause de cette diminution de la minéralisation nette. En conséquence, le drainage d’azote
minéral a 15 cm de profondeur est réduit apres la coupe. Toutefois, les flux de Mg et Ca dans les solutions gravitaires a 60 cm de profondeur
ne sont pas modifiés apres la coupe.

cycle de 1'azote / coupe a blanc / Pseudotsuga menziesii / drainage / sol

1. INTRODUCTION Itis generally believed that clear-cutting, by stopping N uptake

by trees and decreasing total deposition, increases N availabi-

Forest clear-cutting leads to a disruption of the biogeoche-
mical cycle of elements. It implies large changes in the physical
conditions of the soil, especially in the temperature and in the
moisture regime [35], and consequently in the amount of fresh
organic matter accumulated on the forest floor. Hence, it may
have long-lasting effects on nutrient deposition (including dry
deposition and canopy interaction), on uptake by the vegetation
(trees and understorey vegetation), on return of nutrients to the
soil by litterfall, on microbial activity and therefore on nutrient
availability [22].

The potential influence of N on the diversity and the stability
of ecosystems [5, 36, 80] and on soil acidification, through
deposition and leaching processes is well documented [21]. It
is therefore important to understand how the different fluxes of
the nitrogen cycle react to the changes induced by clear-cutting.
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lity in the soil [63, 74, 91] and therefore potentially the leaching
of nitrates when produced [24]. On the other hand, the growth
of understorey vegetation as well as the increase in the availa-
bility of nutrients which favours microbial immobilisation [22,
49, 79] may limit the leaching.

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is one
of the main species used for afforestation in France, with a total
area of about 350 000 ha. We have studied in detail the impact
of the introduction of this non-native species on soil fertility
[41, 54-56, 67, 68, 70] and we are now focusing on the impact
of harvesting.

The present study was designed (i) to quantify the major N
fluxes, and especially the in situ net production of mineral N
(i.e. mineralisation and nitrification) in a 67-year-old Douglas-
fir stand, and (ii) to compare them before and after felling, in
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Table I. Main physico-chemical characteristics of the soil of the site before the harvest [14].

Hor. Depth  pH(H,0) Clay  Silt  Sand oM N C:N Ca Mg K Na Al CEC BS

(cm) (%) (%) cmol kg! (%)
A1 0-17 43 24 39 37 6.3 0.30 12.3 030 0.10 023 003 57 146 4.5
A 17-37 44 26 45 29 34 0.17 11.8 0.10 0.03 0.11 0.03 44 102 2.6
B) 37-60 4.4 27 33 36 1.0 0.06 9.6 0.10 0.02 0.11 0.02 39 69 35
(B)/)C 60-90 45 14 39 47 0.2 0.02 73 0.10 0.02 0.10 0.02 40 6.0 4.1

order to evaluate the effects of stand harvesting on future site
productivity. As uptake of nitrogen is assumed to decrease con-
siderably after harvest, nitrate leaching might be enhanced. It
has already been observed that the nutrient budgets in this site,
which were strongly negative in younger stands, become equi-
librated in the older stand [17, 56]. It is therefore of paramount
interest to look at the consequences of harvest on the dynamics
of nutrients and on the budgets calculated for the whole rotation.

2. MATERIALS AND METHODS

2.1. Site description

The 67-year-old Douglas-fir (Pseudotsuga menziesii (Mirb.)
Franco) stand was located in a long-term experimental site in the Aiguil-
lettes forest in the Beaujolais Mounts, in the north-eastern part of the
Massif Central (France). The climate is mountainous with an oceanic
influence. The altitude is about 750 m. The mean annual temperature
is 9 °C and mean annual precipitation is 1000 mm (38 days of snow)
evenly distributed throughout the year (data from the Meteorological
Station of Tarare-les-Sauvages, 50 km south of the site [53]).

The stand was the first rotation afforested directly from abandoned
cropland [69]. The slope was gentle, always < 5%. The general char-
acteristics of the stand [68] classified it as fertility class 1 for the north-
east Massif Central, according to Decourt’s typology [20], with an
average height of 40 m,a CBH of 166 cm, 206 trees per ha and a current
annual wood production of 15 m3-ha~l-yr-! in 1998 [70]. Some bram-
bles (Rubus fructicosus) were growing sparsely before the harvest and
more vigorously after. All understorey species were annually identi-
fied according to Braun-Blanquet [10] one year before (August 1997)
and one year after (September 1999) clear-cutting (Picard, unpub-
lished data). After harvesting of stems, all residues (twigs and needles)
were left on the ground and were manually stacked. In order to protect
the experimental design, no tractors were used as they would be in a
real site preparation.

The bedrock was a tuff from the Upper Visean (Carboniferous), rel-
atively rich in Ca and Mg [23]. However, the specific weathering proc-
ess of the amorphous phase of this compacted bedrock led to a soil
with fine fractions poor in base cations. The soil was a Typic Dystro-
chrept according to the Soil Taxonomy [75]. The texture of the upper
horizons was loamy (40-45% of silt in the two first horizons, Tab. I)
and the clay content was relatively low (24% in the first horizon and
only 14% in the deepest). pH was also relatively low (it increased from
4.3 on surface to 4.5 in depth). Aluminium filled the largest part of
the cation exchange capacity (CEC) and the “base” saturation (BS) was
low for the whole profile (<15%). The humus layer was of the moder
type with a thin LF sublayer, roughly 1 cm deep. The C:N ratio of the
FH sublayer was 24 [68]. Chemical characteristics of the soil were
reassessed on 32 pits sampled before (September 1998) and after the
harvest (September 1999 and September 2000) according to the meth-
odology previously used by Ranger et al. [68].

2.2. Stand and understorey biomass

Needle biomass (1 year old or more), branches (1 year old or more)
and bole (stemwood and stembark) biomass, stump and root (> 2 mm
diameter) biomass, and associated mineral contents were measured on
twelve trees distributed throughout all the girth classes defined from
the inventory [54, 56, 67]. Litterfall was measured from 15 litter traps,
collected every three months (see Ranger et al. [71] for litter trap
design). Annual increment and immobilisation of nutrients were cal-
culated from mathematical models integrating biomass and nutrient
contents [67].

Above-ground understorey biomass was determined 2 months
before clear-cutting in September 1998, and ten months later in Sep-
tember 1999 by destructive sampling of vegetation on nineteen-1 m?
plots (Picard, unpublished data).

2.3. N input-output fluxes

The experiment was carried out from April 1993 to October 2000.
The harvest of the stand took place in November 1998. The data base
contained measurements taken five and a half years before harvest and
two years after harvest.

N deposition to the soil was collected by a set of three throughfall
collectors, each composed of double gutters (2.17 m x 0.12 m each)
and placed to cover the variations in the stand canopy [54]. During
winter they were replaced by plastic bags placed in buckets (0.39 m
diameter) 1.3 m above the soil level. Stemflow was sampled using
plastic collars placed around ten tree stems evenly distributed through
out the girth classes (two of them remained connected during winter
months).

Seepage water was collected in four zero-tension plate lysimeters
(0.4 m x 0.3 m), which were placed at 15, 30, 60 and 120 cm depth
[54] and connected to plastic containers. Throughfall and seepage
water containers and the two winter stemflow containers were placed
in closed pits and protected against freezing, light and variations in
temperature [54]. Containers were sampled every four weeks. Dry
deposition of N was estimated before the harvest assuming that N:S
ratio in rainfall and dry deposition were similar [70, 82]. Canopy
uptake was calculated as follows:

Canopy uptake = throughfall — (rainfall + dry deposition).

After filtering the samples (0.45 um porosity), NHI—N and NO;—N
concentrations were measured colorimetrically (autoanalyser II Tech-
nicon, Dublin before 1996 and TRAACS 2000 after 1996). Inputs and
drainage of mineral N were calculated as the product of the water flux
(throughfall and soil leaching respectively) and NO,-N and NH4+—N
concentrations in solutions. Drainage of water was calculated with a
water model using the climatic data of the site, stand structure and soil
water retention curves [28, 84]. Potential evapotranspiration was com-
puted from climatic parameters (aerial and soil temperature and mois-
ture) continuously recorded at the site. Some parameters of the model
i.e. interception by canopy and evaporation at the soil level, were mod-
ified after the harvest to take into account the new conditions caused
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by the harvest. Continuous soil moisture measurements were made
from 1997 to 2000 using a TDR-system (Trase from Soilmoisture
Equipment Corp., Santa Barbara, CA, USA).

2.4. N mineralisation, nitrification and uptake:
in situ incubation

2.4.1. Experimental design

N fluxes (i.e. nitrification, mineralisation and root uptake) were
assessed by incubating in situ soil cores and comparing N contents in
incubated and non incubated soil. Cores of undisturbed soil were iso-
lated and incubated in twelve stainless steel cylinders, 7.6 cm inner
diameter, 15 cm long [46, 65]. Cylinders were placed in lines (about
40 cm between two cylinders) and two lines of successive incubations
were separated by approximately 30 cm. As root uptake was sup-
pressed in the cylinders, mineral N contents were different inside and
outside the cylinders after incubation. Incubated cores were sampled
every four weeks. Ateach sampling date, nine non-incubated soil cores
were also sampled between each incubated cylinder, to assess the min-
eral N content of the soil outside the cylinders at the start of the incu-
bation period, which also corresponded to the content at the end of the
previous incubation period.

The leaching of NO; (from October 1993) and NH4Jr (from April
1996) in the cylinders (without root uptake) was measured by inserting
nylon bags containing exchange resin [37, 64] in the bottom of each
cylinder. The last centimeter of soil in each cylinder was removed and
replaced by a Nylon bag containing 40 g of resin mixed with 40 g of
glass beads to increase the volume of the bags. Six cylinders containing
an anion exchange resin (DOWEX 21K, 20-50 mesh) and six cylinders
containing a cation exchange resin (IRN 77, 16—40 mesh) were set up.
Before incubation, the anion exchange resin was saturated with CI—
by a slow percolation of demineralised water followed by 1 M NaCl
(1 L: 100 g of resin). The cation resin was saturated with Na*t by a
slow percolation of demineralised water followed by 1 M HCI (1 L:
100 g of resin) and 1 M NaOH (1 L: 100 g of resin) with a final pH
between 6 and 7.

The specific design was slightly adapted during the course of the
experiment. From October 1993 to March 1996, nine cylinders con-
taining only an anion exchange resin bag were used; From April 1996
to September 1996, six cylinders containing an anion resin bag and
six cylinders containing a cation resin bag were set up. Finally, at the
beginning of October 1996, the quantity of resin in each cylinder was
doubled by adding a second bag containing the corresponding resin
type, in order to assess the efficiency of each resin type in situ.

2.4.2. Analyses

In the field, after removing the LF sub-layer (1 cm thick) from soil
cores, soil samples were combined, per time period, into three samples
of incubated soil and three samples of non-incubated soil. Samples
were sieved (<4 mm) and immediately put in flasks containing 1 M KCl
(40 g moist soil: 200 mL solution). Soil samples and resin bags were
then transferred to the laboratory in a cool box. Soil moisture was
determined on a sub-sample dried at 105 °C. Soil mineral N was
extracted in KCl by centrifugation and filtration of the supernatant
after mechanical shaking (1 h).

Resin bags were rinsed with demineralised water to remove soil
particles and adhering organic residues [27]. Rinsing with water had
no effect on N desorption for anionic resins, but desorbed 2% of the
fixed NH4-N independently of the fixed amount. The percentage des-
orbed was taken into account in the final calculation. Bags were

opened, air-dried and sieved to separate resin and glass beads. Nitrate
and ammonium were extracted by 1 M NaCl (4 g: 40 mL dwt: v) after
manual shaking, batch contact (1 h) and filtration. Mineral nitrogen
contents in KCI and NaCl extracts were measured by colorimetry
(using an Autoanalyser II, Technicon, Dublin, or a TRAACS 2000,
Bran-Luebbe, Norderstedt, Ger.).

As the amount of NH}N extracted from the soil varied with the
duration of contact with KCl solution, a set of comparative measure-
ments (1 h vs. 24 or 48 h) was taken in the laboratory. As a conse-
quence, amounts of N HZ—N extracted from soil were divided by 1.5
(24 h) or 2.38 (48 h), depending on the duration of contact between
soil and KCI.

We found a highly significant correlation (P < 0.001, only data
before clear-cutting were taken into account) between the amount of
ions trapped in the upper resin bag (x) and the amount of ions trapped
in the two bags (y) (y = 1.374x + 329.096, 2 = 0.73, n = 102, data in
ug of mineral N leached per cylinder). This correlation was applied
to the period during which only one resin bag per cylinder had been
used to correct leaching values inside the cylinders. We assumed that
all the mineral N leached in the cylinders was caught by the resin bags
but we probably underestimated this leaching, as resin fixation effi-
ciency was between 85% [94] and 99% [27] in laboratory experiments,
according to the leaching rate.

The desorption efficiency of NHZ and NO; from resins was
checked in the laboratory. Empirical relationships between desorbed
nitrogen (D) and adsorbed nitrogen (A) were, for anionic resins: A =
2.363D9945 (=30, 2=0.95, units are ug-g~!); and for cationic resins:
A=1.887D-2.141 (n=13, 2= 0.99). In rare cases, when D <2.414,
A was calculated to be < D, which is impossible; in this case, it was
assumed that A = D.

2.4.3. Calculation of fluxes

Fluxes were calculated by a set of equations based on mineral N
budgets outside and inside the cylinders. Soil bulk density used for
hectare-based calculations was estimated taking the densities of the
0-15 cm layer of two pits and was 0.53 kg-dm [53]. We considered
that each cylinder was full with 13 cm of soil because the upper cen-
timeter (fresh litter) and the bottom centimeter were discarded. A set
of equations adapted from Raison et al. [65] was used to calculate min-
eralisation, nitrification and root uptake fluxes:

Toi = initial NO5-N (or NHI—N) content at the beginning of the
incubation period.

Tor = final NO5-N (or NHX—N) content of the soil outside the cyl-
inders at the end of the incubation period.

T = final NO4-N (or NH4+-N) content of the soil inside the cylin-
ders at the end of the incubation period.

For NO5-N:

Tomvo3 = Tofinoz + external inputs of NO3 + gross nitrification —
root uptake of NO3 — microbial immobilisation of NO3 — leaching of
NOj outside the cylinders.

Tinu3 = Toinos + external inputs of NO3 + gross nitrification —
microbial immobilisation of NO3 —leaching of NOj3 inside the cylinders.

Net nitrification =T ;503 — Toino3 —external inputs of NO3 + leach-
ing of NOj3 inside the cylinders!.

For NH,,-N:

Tornma = ToiNngg + external inputs of NH,4 + gross mineralisation
—root uptake of NHy — microbial immobilisation of NHy — gross nitri-
fication — leaching of NHy4 outside the cylinders.

TinH4 = Toinpg + external inputs of NH,4 + gross mineralisation -
microbial NH4 immobilisation - gross nitrification — leaching of NHy
inside the cylinders!.

I Missing data were calculated using the mean of available monthly data for the same period of the year.
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Table II. Mean annual temperature (°C) before and after the harvest at different levels. Mean annual temperatures were the means of mean
monthly temperatures, calculated with the mean of daily temperature (Tmax — Tmin).

Air (1.3 m above ground) Litter 15 cm depth 30 cm depth 60 cm depth
Before harvest 9.3a 8.3b 8.6b 9.0b 8.9b
After harvest 10.1a 10.6a 10.0a 10.4a 10.1a

For a given level, different letters show different annual temperatures before and after the harvest (o.= 0.05).

Table III. Water and mineral nitrogen content in the upper soil layer (0—15 cm) before and after harvesting, inside and outside the cylinders

after a four-week incubation period.

Water content (g-g~!) NO;-N (kgha!)

NH,-N (kg-ha 1) NO;-N + NH,-N (kg-ha™!)

Inside Outside Inside Outside Inside Outside Inside Outside
Before harvest 0.53a 0.43b 18.3%a  12.9%/b 6.6*/a 5.2%b 24.7#[a 18.2/b
(0.11) (0.08) (12.6) 9.5) (3.4) (2.5) (14.8) (10.9)
After harvest 0.53a 0.45b 8.5%/a 2.7%b 2.8%/a 1.5%b 11.4%/a 4.3%b
(0.09) (0.05) (6.2) (2.6) (1.7) 0.7) (7.3) (3.0

In brackets: standard deviation. Different number of symbols (¥) show significant differences between before and after the harvest; Different letters
show significant differences between inside and outside the cylinders. Mean were calculated for 67 months before harvest and for 23 months after har-

vest (o= 0.05).

Net ammonification = gross mineralization — microbial NHI -N
immobilization — fixation on silicate clays — gross nitrification =
Tinnu4 - Toinga — external inputs of NH, + leaching of NHy inside the
cylinders!.

Net mineralisation = net nitrification + net ammonification.

Root uptake = T — Ty — leaching outside the cylinders + leaching
inside the cylinders.

It was not necessary to quantify microbial immobilisation because
it was assumed to be similar inside and outside the cylinders (this point
will be discussed later).

2.5. Statistical analysis

Each year, the annual fluxes were calculated by adding up the 13
4-week incubation period fluxes. As in 1993 only summer month data
are available, we calculated the before-harvest annual mean by the sum
of the summer mean (from 1993 to 1998) and the winter mean (from
1994 to 1998). Statistical analysis was carried out using StatView 512
software [1]. Differences between contents (moisture, nitrate-N,
ammonium-N, mineral N) or fluxes (inputs, leaching, nitrification,
ammonification, mineralisation) before and after harvest were tested
with analysis of variance (ANOV A) and a t-test was carried out on suc-
cessive measurements of four-week incubation periods. Differences
between contents and fluxes measured inside and outside the cylinders
were tested with a t-test on the differences of paired values. Correla-
tions between data were tested using the Pearson's test. All differences
were assumed to be significant at 5% risk level.

3. RESULTS

3.1. N requirement of above-ground biomass

The annual N requirement for the different above-ground
components of vegetation was 38 kg N-ha~l.yr~! for needles,
27 kg N-ha~l.yr-! for branches and twigs and 7 kg N-ha=1-yr!
for bole and bark, from which 26 kg originated from internal trans-

locations into the tree [53]. Above-ground understorey biomass
was 2.8 t-ha~! before the harvest and contained 43 kg N-ha™1,
As the understorey was composed mainly of biennial species,
a mean N annual requirement of 21.5 kg N-ha~! for aerial
understorey biomass was assumed.

One year after the harvest, above-ground understorey bio-
mass was 4.8 t-ha~! and contained 64 kg N-ha~!, which implied
an annual requirement of 42.5 kg N-ha~! using the same hypo-
thesis.

No data were available for the below-ground parts of vege-
tation in this stand. Root biomass and nutrient content was
measured in the 47-year-old stand of the chronosequence and
was estimated to represent 20% of the aerial biomass and 15%
of its N content [66].

3.2. Soil physical and chemical conditions

After clear-cutting, the mean annual air temperature did not
significantly increase. The mean annual temperature in the soil
increased at the different levels registered (Tab. II), especially
during summer. Daily temperature variations also increased
strongly after felling (data not shown).

The mean water content of the undisturbed soil was not
significantly different before and after the harvest (0.43 g-g~!
for 67 months vs. 0.45 g-g~! for 23 months, Tab. III). The mean
water content of the incubated soil was identical before and
after the harvest (0.53 g-g~!). Mean water contents were greater
in the incubated soils than in the undisturbed soils, before and
after the harvest.

Before the harvest, nitrate was the dominant form of mineral
N in the incubated (75%) and undisturbed soil (71%, Tab. III,
Fig. 1). After the harvest, nitrate was still the main form of
mineral N but had decreased to 63% in the undisturbed soils.
Al N concentrations (mg-kg~!) were significantly higher inside
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Table IV. Mineral nitrogen deposited on the soil, canopy uptake, net nitrification, net ammonification and net mineralisation of N (0-15 cm)

before and after harvest (all data in kg N-ha=l.yr1).

Bulk precipitation Dry deposition Total deposition Throughfall Canopy uptake Nitrification Ammonification Mineralisation

ey @) B=1+2) “ (5=3-4 (6) @) ©+7)
Before 8.4# 12.4 20.8%# 19.0 1.8 191##/a 35* /b 226

0.4) (3.8) 4.1 (13.9) (144) (55) (175)
After 9.3# - 9.3# - - 148%/a 19%/b 167#

0.5) 0.5) (80) (25) 95)

In brackets: standard deviation of 4-week periods reported to an annual basis; Different number of symbols (*) show significant differences before and
after the harvest; Different letters show significant differences between nitrification and ammonification (o= 0.05).

Mineral nitrogen content of the soil (kg ha'l)

harvest

undisturbed soil

incubated soil

20 L)
n
ks e IR/ ARE]
0 . . 5 \h" - [ RATA -;\ 28 o
Mar-93 Mar-94 Mar-95 Mar-96 Mar-97 Mar-98

Mar-99 Mar-00

Figure 1. Evolution of mineral nitrogen contents of the undisturbed
and incubated soil.

than outside the cylinders before and after harvest, and were
significantly lower after harvest. However, a significant decrease
was registered the last year before harvest: in 1998 (November
1997-November 1998) mean NO3-N and NHy4-N contents
were lower than for the previous years (Fig. 1). Nitrate-N and
mineral-N contents did not vary significantly between years
before the harvest [41], except in 1998, or after the harvest, but
all N contents were significantly greater during “summer”
(from mid-April to mid-October) than during “winter” (from
mid-October to mid-April) and fluctuated considerably accor-
ding to an annual cycle (Fig. 1). The mineral-N contents inside
and outside cylinders were significantly correlated before har-
vest (y=1.22x +2.85, r2=0.83,n=72,P<0.05). After harvest,
the two contents were still correlated, but the correlation coef-
ficient value decreased (y = 1.13x + 6.59, r2 =021, n =26,
P <0.05).

There were only a few other significant changes in the soil
biochemical status: the organic carbon content of the forest
floor decreased from 16.6 to 8.3 t-ha~! between September 1998
and September 2000, and increased by 6.7, 4.0 and 1.9 t-ha-!
respectively in the 0-5x%, 5-10 and 10-15 cm layers (P < 0.05).
During the same period, the forest floor lost 323 kg-ha~!, but a
significant increase of 430kg-ha~! was observed for total soil
organic-N in the [0-5 cm] and [5-10 cm] layer, coming from
the transfer of the forest floor and turnover of the root system.

3.3. N deposition to soil

Before the harvest, nitrate was the main form of N deposited
on the top soil by throughfall (60% of N deposition). Dry depo-

Deposition of mineral nitrogen to the soil (kg.ha'l.month'l)

harvest

n
v
EE4a Y - M

Mar-00

Mar-93 Mar-94 Mar-95 Mar-96 Mar-97 Mar-98 Mar-99

Figure 2. Deposition of mineral nitrogen to the soil in kg-ha~!-month!.

sition before harvest was 12.4 kg N-ha~l.yr-! [70] indicating
an almost negligible N uptake by the canopy (1.8 kg N-ha=1-yr-T)
in this mature stand. After the harvest, N deposition to the soil
was only due to bulk precipitation, and NHy4-N was signifi-
cantly higher than NO3-N deposition (54% of total N deposi-
tion). All inputs to soil significantly decreased after harvest
(Tab. IV and Fig. 2) but the mean annual N amount in bulk pre-
cipitation remained nearly unchanged (Tab. IV). There was no
significant difference between seasons for NO3-N deposition,
but NH4-N deposition was greater in “summer” than in “winter”
before and after harvest.

3.4. Production fluxes and root uptake of soil mineral N

Annual net mineralisation before the harvest varied from
175 kg N-haL-yr~1in 1995 to 267 kg N-ha~l.yr-! in 1997, with
a mean annual value of 225 kg N-ha-yr~! (Tab. IV). Roughly
85% of the mineralised N was nitrified. Net mineralisation and
net nitrification of N were greater in “summer” than in “winter”
(Figs. 3a and 3b). The inter-annual variation of the fluxes was
high, but net mineralisation and net nitrification were signifi-
cantly lower after harvest.

Annual net N uptake by roots (calculated by differences in
leaching, see equations) varied from 125 kg-ha-!-yr~! in 1995
to 244 kg-ha~l-yr~! in 1997 before the harvest and was greater
during “summer” (70% of the annual uptake on average) than
during “winter” (Fig. 3c). The annual mean uptake was lower
after the harvest (162 kg N-ha~! vs. 187 before), but the decrease
was not significant (Tab. V), and the uptake still showed the
same seasonal trend. Annual N mineralisation exceeded annual
root uptake by 40 kg-ha~! before the harvest but the two fluxes
were roughly equal after the harvest.
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Figure 3. Annual mean of fluxes before and after
the harvest, according to the season; (a) Net mine-

ralisation of nitrogen; (b) Net nitrification;
(c) Uptake of mineral N; (d) Leaching of mineral
N from undisturbed soil at 15 cm depth; (e) Lea-
ching of nitrate-N from incubated soil. The lines

3.5. Leaching of nitrogen and nutrients through the soil

Nitrate was the main form of mineral N leached before the
harvest (Tab. V): 96% of mineral N leached in zero tension lysi-
meters and 84% in IER bags (soil without root uptake in the
cylinders). Leaching of ammonium at 15 cm depth in the undis-
turbed soil was very small. Leaching of ammonium (from incu-
bated and undisturbed soil) was greater during “summer” than
during winter (data not shown). N leaching from the soil cores
(incubated soil) was much higher than outside (Tab. V): N lea-
ching increased by 100 kg-ha~!-yr~! when roots were cut. There
were significant correlations between NO3-N (or NHy4-N) lea-
ched from the soil with and without roots (data not shown).
Before the harvest, leaching of nitrogen decreased to about
6 kg-ha~l.yr-! at 60 cm depth, and was 33 kg N-ha-L-yr! at
120 cm depth [53]. Leaching of Ca, K and Mg was high at
15 cm depth (47,23 and 8 kg-ha~l-yr~! respectively), decreased
at 60 cm depth (5, 5 and 2 kg-ha!-yr~! respectively), and inter-
mediate at 120 cm depth (9, 15 and 5 kg-ha=1-yr—! respectively).

Leaching of total mineral N at 15 cm depth significantly
decreased after the harvest (Tab. V, Figs. 3d and 3e), from 56
to 26 kg N-ha~! in the undisturbed soil the first year after clear-
cutting and to 2 kg N-ha~! the second year, and from 153 to
80 kg N-ha~!-yr~! in the incubated soil. Nitrate was still the main
form of mineral N leached from the soil, with and without root
uptake (91 and 92% respectively, Tab. V). Leaching of ammo-

1993 1994 1995 1996 1997 1998 1999 2000

show the sum of mean “winter” and “summer”
fluxes.

nium was higher during the “summer” period, and nitrate lea-
ching (and total mineral N) was significantly higher during the
“winter” period. Leaching of N was still 60 kg-ha!-yr~1 higher
in the cylinders. The relationships between leaching of NO3-N
(or NH4-N) in the undisturbed and the incubated soil were no
longer significant (not shown).

Quantitative budgets were established after the harvest for
Ca, Mg and N below 15 cm depth. Fluxes of Caand Mg at 60 cm
depth were unchanged, 6 and 6.8 kg-ha~l-yr~! before and after
harvest respectively for Ca, 2.2 and 2.5 kg-ha~!-yr~! before and
after harvest respectively for Mg. Nitrogen fluxes (NO3-N +
NH;-N) increased from 6.5 to 13.7 kg-ha=!-yr~1 at 60 cm depth.
At 120 cm depth, fluxes were strongly depleted, from 25 to
7.2 kg-ha-l.yr-!for N, from 14 to 9.6 kg-ha~!-yr~! for Ca, from
3.9 to 2.4 kg-ha~l.yr-! for Mg.

3.6. Nitrogen fluxes before and after clear-felling

Changes in fluxes of mineral nitrogen are represented in
Figure 4. Before the harvest, the main source of mineral N for
the soil was the mineralisation (225 kg N-ha~!-yr-1). Inputs to
the soil via throughfall reached 19.5 kg N-ha!-yr-1. The mean
annual amount of available mineral N in the soil reached
244.5 kg N-hal-yr~1. From these 244.5 kg N, 46 were taken up
by the tree roots, 22 by the understorey aboveground biomass
and 56 were leached. 119 kg N were used by fine root (both
tree and understorey) turnover, mycorrhizae, and a part may
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Table V. Annual uptake of mineral N by roots and mineral nitrogen leaching at 15 cm depth (all data in kg N-ha=l.yr-1).

Uptake of N Nitrogen leaching at 15 cm depth
Zero-tension lysimeters IER bags
- + - +
NO;-N NH,-N NO;-N NH,-N

Before the harvest 187 542 2.1%##b 128%#/a 25* /b
(standard deviation) (139) (84) 2.9) (81) (46)
After the harvest 162 13*/a 1.0%/b 74%/a 6*/b
(standard deviation) (106) (29) (1.8) (42) (6)

Standard deviations were calculated over four week periods and reported to an annual basis; Different number of asterisks show significant differences
before and after the harvest; Different letters show significant diffrences between leaching of NO;-N and NH4-N.

have been lost by denitrification. Two years after the harvest,
nitrogen availability in the upper soil surface strongly
decreased, due to a strong decrease in mineralisation, from 245
to 167 kg-ha~l. Uptake by the understorey aboveground bio-
mass was higher (42.5 kg-ha™! vs. 22), but lower than the pre-
harvest whole vegetation uptake. Leaching of nitrogen at 15 cm
depth strongly decreased (from 56 to 14 kg-ha=1-yr-1), meaning
a fine-root and fungi requirement still equal to 119 kg N-ha=1.yr~1.

4. DISCUSSION

4.1. Limits of the in situ incubation method

Numerous studies discuss the possible bias of the in situ
incubation method (see for instance Raison et al. [65], Adams
et al. [2], Sierra [73], Jussy et al. [41]). The method is based on
the assumptions that physical and chemical conditions are simi-
lar inside and outside the cylinders and that the production rate
of mineral N is not modified inside the cylinders.

Soil compaction within the cylinders was limited by the use
of cylinders with a 7.6 cm inner diameter. A four-week period
was chosen between two sampling dates. It was assumed to be
short enough to reduce the differences in physical conditions
and long enough to observe differences in N concentrations
inside and outside the cylinders [65] and to produce substantial
N amounts in the solution collectors.

However, the very high uptake of N calculated even after the
harvest, raises questions about the validity of the results. The
difference after the harvest between calculated uptake of N
(162 kg-ha~l.yr1, see Sect. 3.4) and the requirements of unders-
torey vegetation for above-ground biomass (42.5 kg N-haL-yr1,
see Sect. 3.1) cannot easily be explained, even with a root requi-
rement two-fold higher than the above-ground requirement.
Sources of overestimation need to be investigated. Although
leaching was allowed at the bottom of the cylinders, soil mois-
ture was higher inside the cylinders (Tab. III) due to suppres-
sion of water uptake by roots. This higher soil moisture may
have led to overestimating production and uptake rates [29].
However, Sierra [73] did not find a high response of minerali-
sation to an increase in soil moisture inside incubated cylinders
of soil, and nor did Jussy [40] find such a response in laboratory
incubations of this specific soil. Other explanations may be lin-
ked to the extra mineralisation of severed roots within the cylin-

ders [33] which would also lead to overestimating T. Living
roots may also have an inhibiting effect on mineralisation,
which would be suppressed in the cylinders, causing an “artificial”
increase in Ty, as monoterpenes produced by living roots pro-
bably have an inhibiting effect on nitrification [60].

On the other hand, severed roots still might act as sinks of
N as long as roots are living [65]. The lifespan of Douglas-fir
roots after felling is not documented. Microbial immobilisation
might be favoured by fresh organic matter (severed roots) and
higher soil moisture in the cylinders. Consequently, production
and uptake rates would be underestimated.

Unfortunately, none of these processes have yet been quan-
tified but although each may possibly occur, the result is probably
an overestimation of the nitrogen content inside the cylinders.

Other fluxes were not measured. Denitrification fluxes,
which led to underestimated nitrification rates (see equations),
might not be high in such a silty well-drained soil [44, 52]. As
temperature increased after harvest and soil moisture was high
inside the cylinders, denitrification may have increased and
may have led to the apparent decrease in net nitrification [18, 45].
Dry deposition after the harvest was not calculated, and was
supposed to be lower than before as interception by canopy was
considerably reduced. Taking it into account would have slightly
reduced the amount of N mineralised (up to 12 kg N-ha=1-yr1),

The absolute values of the calculated fluxes are subject to
the above-mentioned potential bias, the high spatial variability
of N concentrations in soil, and the use of empirical rela-
tionships to correct for extraction procedures. Moreover, only
the upper layer was taken into account and we previously found
that potential production in the 0—15 cm layer reached only 65%
of the total soil production in an adjacent Douglas-fir stand
[42]. Changes following clear-felling will be discussed more
fully than absolute values of fluxes.

4.2. The N cycle before the harvest

N deposition to the soil via throughfall was within the range
of European data [30] but was rather high in comparison to a
set of French data [83].

Mean annual litterfall in the mature Douglas-fir stand was
estimated at 1.7 tha~l-yr-! of C and 32 kg-ha~l-yr~! of N [71].
Mineralisation and nitrification were especially high, even
taking into account possible methodological bias. The acidity
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Before clear-felling

Inside

Outside

After clear-felling

Inside Outside

9.3 93

153 (h) 56

80 14

Figure 4. Fluxes of mineral nitrogen before and after the harvest (in kg N-ha—l-yr~!) inside and outside the cylinders. (a) Rainfall; (b) uptake
by canopy; (c) deposition to the soil; (d) mineralisation; (e) uptake by above-ground tree biomass; (f) requirement of above-ground understorey

biomass; (g) calculated root requirement; (h) leaching.

of the soil had no inhibiting effect on the nitrifying capacity,
as previously found in many other studies [19, 39, 62, 81]. Marques
[53] hypothesised that the change in vegetation via the intro-
duction of Douglas-fir has led to the destabilisation of the orga-
nic matter. Moreover, high net nitrification rates [16, 42] or
mineralisation rates [3, 52] were also measured in forests plan-
ted on formerly cultivated sites. Increased mineralisation has
probably been triggered by deforestation, tillage [48] and accu-
mulation of a labile pool of organic matter during the cultivation
period, and may have persisted because of practices improving
soil fertility and microbial population dynamics (manuring).
Long-lasting effects of land cultivation were demonstrated on soil
N-dynamics [43]. Results obtained recently on another Dou-
glas-fir stand in the experimental site of Breuil (Morvan,
France) lead to hypothesise that Douglas-fir could develop a
specific control on soil-nitrifiers. In the Morvan experimental
site, different species planted in strictly identical conditions
showed very different patterns of residual nitrates in soil solu-
tions, rate of nitrification in laboratory incubations, and struc-
ture of microbial populations. Once again Douglas-fir soil had
one of the highest nitrifying capacities (Ranger coordinator,
work in progress, unpublished data). Uptake of N by roots was
high but was lower than mineralisation. Mineralisation and root
uptake were generally lower during the “winter” season, but the
dormant season is probably shorter than 5 months, and a part
of the calculated fluxes might originate from the extended
microflora activity. Canopy uptake before the harvest was low
and almost negligible.

The annual N requirement and uptake from the soil nutrient
reserves for above-ground biomass increment (stand and
understorey) was very much lower than the calculated uptake
of nitrogen. The major uncertainty concerns the N pool alloca-

ted to fine roots, for which no data were available. Ranger and
Gelhaye [66] in a47-year-old adjacent Douglas-fir stand, found
a N content in fine roots of 7.7 kg N-ha~1, which was probably
underestimated by the sampling method. In the study stand,
since N content in aboveground biomass was higher (700 vs.
540 kg N -ha=! [53]), fine root N content could have reached
11 kg-ha™!, considering below-ground biomass to be roughly
20% of the aboveground biomass [66]. However, the root tur-
nover rate was unknown. It has previously been calculated that
fine-root litter production including mycorrhizae could reach
2.3 to 2.5 fold the yearly N in needle litterfall value [76, 38].
In the present study, this would imply a root litter production
containing 87 to 95 kg N-ha~l.yr-1. Such an annual allocation
to fine roots is probably excessive and may only be explained
by a rapid turnover of the total fine root biomass, and/or by the
overestimation of fluxes. It implies at least that the root system
still lives after cutting. In North America and Europe, calcula-
ted fine root turnover of various mature stands varies from
two months to more than two years [58, 77].

Leaching of N at 15 cm, essentially nitrate, was higher than
N deposition, contrary to the results of Gundersen et al. [31].
The sink function of vegetation (stand and understorey) was not
sufficient to impede leaching, as net mineralisation exceeded
N uptake. Nitrate leaching has already been observed in forest
soils previously cultivated [25, 52] or grazed by pigs [59]. At
the profile level, this N leaching was still high at 120 cm depth
[56]. Losses increased further when roots were cut. This N lea-
ching contributed to soil acidification. It was accompanied by
aleaching of Ca and Mg higher than Ca and Mg in atmospheric
deposits and may lead to a decrease in soil fertility [53]. At this
site, N leaching was partly controlled by root activity and partly
by nitrification.
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4.3. Consequences of the harvest
4.3.1. Physical and chemical conditions of the soil

Numerous authors have described changes in the physical
and chemical status of forest soils after a clear-cut as an increase
in soil moisture [26], increase in pH and in BS [63]. For McColl
[50], soil moisture is enhanced after a clear-cut due to the
decrease in evapotranspiration. On the other hand, a decrease
in water content of the litter due to an increase in temperature
of the barren soil has also been measured [17, 34]. At the study
site, where the air temperature was found to be unchanged, soil
temperature increased, except during the winter months due to
the suppression of canopy interaction [35]. As residues and nee-
dles were left on the soil and manually stacked, as the forest
floor was not greatly disturbed, and as the ground vegetation
was not controlled, heating of the soil and evapotranspiration
might have been limited, and soil moisture increase was limi-
ted. The soil chemical status of the stand underwent limited but
significant changes after the clear-cut: (i) increase in organic
carbon content on the soil surface which, combined with the
organic N decrease, led to a small increase in C:N ratio of orga-
nic matter in the A layer and (ii) increase in the “base” cations
that could be explained by the intense mineralisation of the
forest-floor. However, as noted previously [61], two years is
too short a duration to establish any long-term effect of clear-
cutting on soil fertility. On the other hand, Vitousek et al. [90]
found that when understorey vegetation and young stand were
covering the soil, major changes were unlikely to occur 2 years
after harvest.

4.3.2. N inputs to the soil

Atmospheric N deposition to the soil significantly decreased
after the harvest, but the amount of N in bulk deposition was
not significantly modified by the clear cut (8.4 kg N-ha~l.yr-!
on average before and 9.3 kg N-ha~!.yr~! after the harvest). The
change could be explained by the suppression of the canopy
which favoured the dry deposition of N due to the filtering capa-
city of the canopy of the mature stand [7]. As dry deposition
was not quantified on ground vegetation after the harvest, the
difference was probably smaller than calculated.

The break in litterfall returns after clear-cut led to a large
disruption in the carbon and nitrogen cycles. The fresh material
from litterfall provided the soil with labile organic components
easily used by the micro-organisms, which disappeared after
stand cutting.

4.3.3. Nitrogen availability

All parameters of nitrogen availability, i.e. nitrogen contents
in the soil and mineralisation (or nitrification) rate decreased
significantly after the harvest, demonstrating that soil moisture
and temperature did not play a major role in net nitrogen mine-
ralisation or net nitrification. It should also be noted that nitri-
fication and mineralisation fluxes in 1995 were not different
from those measured in 1999 and 2000 after the harvest, illus-
trating the high temporal variability of such processes; the late-
ral variability at the sub-(plot) scale also probably also contri-
buted to this pattern. However, the results are different from
those generally found in the literature. According to Harvey et al.
[32], the decomposition rate of organic matter and consequently
the nitrogen mineralisation rate increases after a clear-cut.

Several authors have described an increase in nitrogen availa-
bility after a clear-cut [8, 78, 87] and other studies describe an
increase in nitrogen mineralisation or nitrification, after a lag
time due to microbial immobilisation [86, 89]. Hence, high nitrate
contents have been measured four years after the clear-cut in
soils showing no nitrification before the harvest [74, 91]. In
contrast, Pietikdinen and Fritze [63] measured no increase
in nitrification in non-nitrifying soil, although mineralisation
increased. Finally, Barg and Edmonds [4] found no change in
mineralisation and nitrification rates after partial or total clear-
cut, as soil moisture, temperature and microbial biomass were
constant.

The period of time after the harvest is an important parameter
to consider when dealing with the effects of a clear-cut on the
nitrogen cycle. Vitousek et al. [90] measured the highest poten-
tial mineralisation and nitrification rates and nitrogen availa-
bility generally one year after the harvest. In contrast, minera-
lisable nitrogen might be found lower three years after the
harvest than before [13]. In the present study, there were no
significant differences in net production fluxes between the two
years following the clear-cut, but leaching was significantly
lowerin 2000 than in 1999, suggesting that nitrogen availability
was still decreasing two years after the harvest and that the fac-
tors controlling nitrogen leaching was even more efficient.

The type of harvest also plays an important role. In the pre-
sent study, only stems were harvested. Changes in the nitrogen
status were different from those described by Ross et al. [72]
who found no change in nitrogen mineralisation or nitrogen in
microbial biomass after a stem—only harvest, but measured a
decrease in these parameters after a total harvest followed by
litter raking, herbicide spraying and reafforestation.

The persisting increase (or decrease) in nitrogen availability
has been extensively discussed: long-term effects [15, 88],
rapid increase [92] followed by a long term decrease in nitrogen
availability by accumulation in residue and humus. For Vitousek
et al. [90], the long term effect essentially depends on the
influence of the weather on the decomposition rate. Further
investigations would have been necessary in this study in order
to determine the persistence of the decrease of nitrogen availa-
bility or the return to the previous status of the soil.

4.3.4. Leaching, root decomposition and microbial
biomass

Bormann et al. [9] were amongst the first to demonstrate an
increase in nitrate leaching after a clear-cut. The increase gene-
rally reached a maximum two to seven years after the harvest,
and was followed by a decrease [11,47, 57, 85, 93]. In contrast,
McColl [51] measured a decrease in nitrogen leaching after a
clear-cut, when litter and residues were discarded, whereas an
immobilisation of the nutrients in the residues following the
harvest was also described [12, 17, 26]. Four factors appear to
play important roles: (i) N status of the soil before the harvest;
(ii) treatment applied to the soil (litter raking, ploughing) often
involving drastic changes in physical conditions (especially
moisture regime) of the soil; (iii) treatment of the remnants
(exported, stacked and burned, comminuted, disked...) and
(iv) control by understorey vegetation. Some other factors of
the ecosystems play a role in the control of nitrogen leaching.
As fine roots are very rapidly mineralised, leaching of nitrogen,
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K, P and Mg are generally very high just after a clear-cut, before
the growth of new understorey vegetation [24]. On the other
hand, after the growth of the understorey, N leaching is reduced
by the uptake of the new vegetation. In the present study, N content
in the above-ground understorey layer increased by 40 kg-ha~!
after the harvest. The dynamics of N uptake and growth of bien-
nial species are not well known, so long-term effects of unders-
torey uptake on N leaching cannot be predicted, as it is possible
that the understorey layer has not reached a steady state only
two years after the harvest.

Nitrogen leaching also depends on microbial immobilisa-
tion, which seems to increase during the first two years after
the harvest [22, 49, 79] and may reduce nitrogen leaching.
However, Chang et al. [13] concluded that this change does not
exceed three years after a new plantation, and Hendrickson
et al. [34] and Pietikdinen and Fritze [63] measured a decrease
in microbial biomass linked to a decrease in soil moisture.
Moreover, Walley et al. [91] observed that microbial biomass
had increased four years after a harvest, and found an increase
in nitrification rate. At the study site, a limited increase in N
concentration in suction cup lysimeters placed at 15 and 30 cm
depth, but a decrease in the N concentration in the gravitational
solutions, were observed. This suggested that microbial acti-
vity was favoured by the forest-floor decomposition and the
increase in temperature and moisture, but that microbial immo-
bilisation was enhanced in the soil microporosity [6] and that
consequently nitrate availability and nitrate leaching decreased.
Hence, measurements of microbial C after the harvest were
two-fold higher than before, indicating a rapid increase in
microbial biomass which persists two years after felling,
(Andreux and Roux, pers. comm.).

Leaching of other nutrients was limited as concentrations at
120 cm depth were found unchanged after the harvest. Water
leached was probably slightly higher, as interception by tree
crowns stopped. Nutrient losses from the ecosystems depend
mainly on the output due to harvest (see Ranger et al. [70] for
possible values), the increase in microbial immobilisation, and,
to an unknown extent, to the change of weathering rate due to
the change in net nitrification.

4.4. Conclusion

Mineralisation was high before the harvest (225 kg N-ha=l.yr-1)
and nitrification rate was 85% of the mineralisation in this aci-
dic soil [41]. Atmospheric deposits of N were relatively high
for France. This additional input to a soil with a high rate of
nitrification increased the residual nitrates in the soil, and the
leaching of both N and cations [70].

The results showed that even in a situation of very low dis-
turbance of forest soil during felling operations, harvesting
resulted in drastic changes in the soil function that could be
explained by both the sudden disruption of the biological cycles
and by the physical changes in soil climate.

Two years after the harvest, there were significant changes
of the soil physical and biochemical conditions. Nitrate was still
the main form of mineral nitrogen produced in the soil after the
harvest, but its net rate of production surprisingly decreased.
This decrease in net mineralisation is not in agreement with the
previous studies from the literature. It appeared that numerous,

sometimes antagonistic processes involved in the N-cycle after
clear-felling could explain this result: (i) the lack of returns by
aboveground litter-fall which eliminate the labile organic com-
pounds, (ii) the intense mineralisation of organic matter from
both forest-floor and organo-mineral layers which changed the
quality of the organic substrate for decomposers, (iii) the N-
immobilisation by the soil micro-organisms leading to an increase
in the N microbial pool, and (iv) a hypothetical role of the deve-
loping vegetation changes (Douglas-fir vs. understorey) in the
control of the structure of soil micro-organism populations and
activity.

In terms of fluxes, decrease in atmospheric deposits, limited
returns by the litter from the understorey vegetation, decrease
of soil mineral N production, and significant nutrient uptake by
the developing understorey vegetation tended to limit the lea-
ching of N and cations after the clear-felling. Losses of nutrients
(Ca, K and Mg) and accompanying nitrate in water drainage
effectively decreased in the same way in the upper soil horizons
after felling. However, Ca and Mg fluxes remained more or less
unchanged in the deepest horizons indicating no additional los-
ses of nutrients due to leaching. A nutrient budget will be cal-
culated for the whole rotation including the regeneration phase
in order to quantify the constraint for the soil.

Further observations will be made to investigate the long-
term effects of the harvest on the nitrogen cycle. Key-points to
better understand the effect of clear-cutting on forest ecosystem
function and sustainability are (i) the role of soil organic matter
changes on microbial activity, (ii) the process of fine root tur-
nover after felling (both for cut trees and understorey vegetation),
and, (iii) the role of fine roots of vegetation (Douglas-fir vs.
understorey) in the control of soil micro-organisms.
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