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Abstract

o Although accumulation of decomposing litter temporarily removes nutrients from active circulation,
it creates a medium that is more suitable for nutrient uptake where soil conditions are unfavorable.

e A pot experiment was conducted using labeling of isotopically exchangeable phosphate ions of the
soil and applying the dilution principle to accurately assess the contribution of the forest floor to P
nutrition of maritime pine seedlings (Pinus pinaster Ait.). Three-week-old maritime pine seedlings
were planted in pots containing either mineral soil (MS) or mineral soil covered with a forest floor
layer (MS+FF).

o After 130 d, P uptake was still insignificant in the MS treatment while the P content of the seedlings
in the MS+FF treatment increased tenfold with respect to the initial P content. In the latter treatment,
the forest floor contributed 99.1% of the P supply to pine seedlings.

o The higher P uptake from the forest floor than from the mineral soil may be explained by its lower
ability to retain inorganic P, which enabled a higher concentration of inorganic P to be maintained in
solution.

Résumé — Contribution des couches holorganiques a la nutrition en phosphore : données expé-
rimentales.

e Bien que I’accumulation de litiere en décomposition immobilise temporairement une partie des
nutriments, elle crée un espace propice au prélevement des nutriments 1a ou le sol minéral est peu
favorable.

e La contribution des couches holorganiques a la nutrition en P de semis de pin maritime (Pinus
pinaster Ait.) a été estimée sur base d’une expérience en pots combinée a un marquage des ions
phosphate du sol minéral. Des semis de trois semaines ont été plantés dans des pots contenant soit
uniquement du sol minéral (MS) ou soit du sol minéral recouvert par une couche de litiere (MS+FF).
e Apres 130 jours, le prélevement en P était toujours insignifiant dans le traitement MS alors que le
contenu en P des semis du traitement MS+FF avait été décuplé par rapport au contenu initial. Dans ce
traitement, la contribution des couches holorganiques a 1’alimentation en phosphore des semis était
de 99,1 %.

o Le prélevement en P plus important a partir des couches holorganiques peut étre expliqué par leur
faible capacité de rétention du P qui permet de maintenir une forte concentration en P dans la solution
du sol.
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1. INTRODUCTION

Many of the world’s forests grow on unfertile soils
(Kimmins, 1997). To adapt to such conditions of nutritional
stress, tree species have evolved a number of different strate-
gies: (i) low nutrient demand, (ii) mechanisms for nutrient re-
tention, such as efficient internal recycling, persistent foliage,
leaching-resistant cuticles and chemical defenses against her-
bivores, and (iii) mycorrhizal association (Chapin, 1980). In
addition, nutrient recycling and retention within the ecosystem
play a major role in the preservation of soil chemical fertility
in nutrient-poor ecosystems. A large proportion of the nutri-
ents taken up during the growing season are returned to the soil
through litterfall and are then progressively released during de-
composition (Attiwill and Adams, 1993). The litter decompo-
sition rate is thus generally considered to be a key ecosystem
parameter; if decomposition is slow, litter accumulates and the
associated nutrients are removed from active circulation for a
certain time, which is thought to reduce nutrient cycling and
forest productivity (Berg and McClaugherty, 2003; Fisher and
Binkley, 2000; Kimmins, 1997). On the other hand, the accu-
mulation of decomposing litter may be considered as a way
to improve nutritional conditions. According to Northup et al.
(1995), coniferous trees in the Pigmy forest in California in-
crease their foliar phenolic concentration with soil acidity in
order to favor litter accumulation. This adaptation limits the
loss of nutrients due to leaching and creates a medium that is
more suitable for nutrient uptake where mineral soil conditions
are unfavorable. Indeed, trees may improve the nutritional sta-
tus of the uppermost part of the soil by extracting nutrients
from the mineral soil horizons and by concentrating them in
the forest floor (Brandtberg et al., 2004). The capital of nutri-
ents accumulated at the soil surface during the development of
the forest floor is then preferentially used by trees (Ploglase
et al., 1992); this mechanism allows trees to shorten the cy-
cling of nutrients such as P whose residence time in mineral
horizons is quite long due to its retention on soil constituents.
Characteristically, the forest floor is abundantly colonized by
roots (Brandtberg et al., 2004; Jackson et al., 1996), which al-
lows close coupling of decomposition and uptake (Wood et al.,
1984) and limits nutrient losses due to leaching or to reten-
tion on the mineral phase (Compton and Cole, 1998; Northup
et al., 1995; Paré and Bernier, 1989). In addition, thick holor-
ganic layers retain large quantities of plant available water
(Leuschner, 1998).

Consequently, litter accumulation has two opposite effects
on nutrient availability. On one hand, it temporarily seques-
trates nutrients in decomposing and recalcitrant organic mat-
ter, and on the other hand, it creates a medium favorable for nu-
trient uptake. To better understand the role of the forest floor in
P nutrition, we carried out a greenhouse experiment aiming at
(i) comparing the P uptake of maritime pine seedlings growing
either in mineral soil or in mineral soil covered with a forest
floor layer and (ii) evaluating, within the latter treatment, the
contribution of the forest floor to P supply using 3P as iso-
topic label of the isotopically exchangeable phosphate ions of
the mineral soil.
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2. MATERIALS AND METHODS
2.1. Experimental design

Three-week-old maritime pine seedlings (Pinus pinaster Ait.)
were planted in pots containing either mineral soil (MS) or mineral
soil covered with a forest floor layer (MS+FF). The pots were placed
in a greenhouse and distributed in five blocks according to a random-
ized block design. Three pots per treatment were included in each
block since the maritime pine seedlings were harvested after three
time periods (61, 95 and 130 d after planting). In addition, two con-
trol pots without seedlings (one for each treatment) were included in
three out of the five blocks. The same design was used for a parallel
experiment using 3P as isotopic label of the isotopically exchange-
able phosphate ions of the mineral soil. Thirty-six pots were used for
the experiment without radioactivity, and 30 for the isotopic labeling
experiment.

2.2. Collection and processing of the growing media

The growing media used for this study were collected at Biganos
in the forest of the Landes de Gascogne (South West France; for more
details see Augusto et al., 2006), an area where soils are known to be
low in P (Trichet et al., 1999). The site classification, which includes
various soil types and understory vegetation, depends mainly on the
depth of the water table. The humid moorland is the more frequent
site class of the forest (Trichet et al., 1999). In order to sample a soil
representative for this forest, the mineral soil was taken from the A
horizon (0-20 cm) of a sandy podzol in a pine stand planted on a
humid moorland (44° 40" 36” N, 00° 56" 49” W). The forest floor
(mainly F layer) was collected in a nearby stand planted on a mesic
moorland (44° 41’ 31” N, 00° 55" 06” W) with thick organic layers
containing decaying litter of Pinus pinaster and Pteridium aquilinum.
The mineral soil was sieved through a 8 by 8 mm mesh to remove
roots and was then thoroughly mixed in bulk. The forest floor mate-
rials were coarsely ground (grate mesh size: 2 cm) to break up pieces
of litter held together by roots, and then mixed by hand.

2.3. Characteristics of the growing media

The collected mineral soil was sandy (87.3% sand, 6.9% loam,
5.8% clay) and acidic (pH H,O: 4.8) with a low base saturation (22%)
of the exchange complex (cobaltihexamine ECEC = 3.1 cmol, kg™!).
The forest floor was also acidic (pH H,O: 4.2) but its base satura-
tion was 92% (cobaltihexamine ECEC = 26.6 cmol, kg~!). The to-
tal C content of the mineral soil was 29 mg g~! and that of the for-
est floor 400 mg g~'. The total N content of the mineral soil was
1.3 mg g~! and that of the forest floor 12.7 mg g~!. While the min-
eral soil contained amorphous free Al and Fe oxides extracted by the
Tamm method (2.3 mg Al g~'and 2.6 mg Fe g™!), there were few Al
and Fe oxides in the forest floor (0.4 mg Al ¢! and 0.4 mg Fe g™!).

2.4. P Status of the growing media
Total P was determined by inductively coupled plasma spectrom-

etry (ICP-AES) after combustion in a muffle furnace at 450 °C for
12 h and acid digestion with a mixture of HF and HClO,. Organic P
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was estimated by the difference between the P content extracted with
H,S0,4 (0.2 N) for 16 h with and without prior combustion at 550 °C
for 4 h (Saunders and Williams, 1955). Inorganic P was computed
by subtracting organic P from total P-HF (Achat et al., 2009). The
microbial P content of the forest floor material was determined using
the chloroform fumigation method (Morel et al., 1996). Microbial P
content was not determined for the mineral soil, but taken as the mean
value of 11 similar soils from the same forest (Achat, 2009).

The dynamics of release and retention of P ions was character-
ized for the two growing media using the radio-isotopic labeling of P
ions (with 3?P), by determining the kinetics of isotopic dilution dur-
ing a short-term batch experiment (Fardeau, 1993; 1996; Frossard and
Sinaj, 1997). The method supposes that the P ions in solution are in
equilibrium with the P ions retained on the solid phase and that the
rate of P retention is equal to that of P release. Isotopic labeling is
achieved by introducing a known amount of phosphate ions labelled
with 32P into the soil solution in a soil — solution system at chemical
equilibrium.

According to the dilution principle, the gross amount of P ions
transferred between the solution and the solid phase over a certain
time (P, in mg P ¢7') is determined based on the amount of P ions in
solution (P, in mg P g~!) and on the isotopic composition of these P
ions in solution (/C).

r (R-7)
IC = PP
where R is the quantity of **P introduced into the system and r is the
quantity of 3P remaining in solution after a certain time.

Rearranging equation (1) gives:

po=te_p, @

R

The total amount of isotopically exchangeable P (P in mg P g7!) is
the sum of P, and P,, (Hamon et al., 2002). For both growing media,
P was determined for three time periods (4, 40 and 400 min). Ten
grams of mineral soil or 1 g of forest floor material (previously stored
fresh at 4 °C) were mixed with 0.2 mL of biocide (toluene) to avoid
microbial development and with distilled water to obtain a final solu-
tion to substrate ratio of 15 mL:10 g and 10 mL:1 g, respectively. All
suspensions were pre-equilibrated for 16 h on a shaking table to reach
a chemical equilibrium (constant P ion concentration in solution) for
the subsequent hours during which isotopic dilution analysis was car-
ried out. Carrier-free 3*P ions were added in the different suspensions
at time zero. After 4, 40 and 400 min, approximately 4 mL were taken
up in all suspensions and filtered (0.2 um). The radioactivity intro-
duced (R) and that remaining in the filtered solution were counted
together in a liquid scintillation cocktail (Insta-gel Plus Packard), us-
ing a liquid scintillation counter (TriCarb TR Packard). The inorganic
P concentration in the filtered solution was determined by the molyb-
date and green malachite colorimetric method (Van Veldhoven and
Mannaerts, 1987).

The temporal evolution of P, was described by a kinetics equation
(Morel et al., 2000) for P, values inferior to total inorganic P mi-
nus Pw, considering that all inorganic P can take part in the isotopic
dilution:

ey

P.=v-7 3)
where ¢ is the time in minutes, and v and p are parameters to fit. This
equation was linearized and fitted with the MIXED procedure of the
SAS software and then used to extrapolate P, over time (Morel et al.,
2000) and to calculate the time needed to reach its maximum value
(total inorganic P — Py,).
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2.5. Experimental setup

For the two parallel experiments (with and without 3*P), the pots
(4 L, height: 20 cm) were filled either with 2 503 g of dry mineral soil
(MS depth: 16 cm) or with 1480 g of dry mineral soil and 236 g of
dry forest floor material (FF depth: 6 cm + MS depth: 10 cm).

The mineral soil with 3P was labeled by mixing a solution of
carrier-free POy ions (2.18 10° Bq mL™") with the mineral soil at a
rate of 20 mL solution per kg of dry soil. The principle of the labeling
is an isotopic exchange of the 3*POy-ions with the ' PO,-isotopically
exchangeable ions of the soil. To protect oneself against § radiation
and to avoid contamination by the radioactive soil, as well as to limit
evaporation and stop grass from growing, a layer of acid-washed sand
(pure quartz) was added to the surface of the pots after the seedlings
were planted.

After a dormancy-breaking treatment (4 weeks at 4 °C), 800 seeds
of maritime pine originating from the Landes de Gascogne forest
were sowed in containers filled with blond peat maintained at field
capacity. The containers were placed in a growing chamber main-
tained at an air temperature of 24 °C and at 70% of relative humidity
during the day (15 h) and at 19 °C and 65% of relative humidity dur-
ing the night (9 h). After two weeks, the seedlings were sprayed with
two fungicides (cryptonol and previcur, 2 ml L") to avoid damping
off.

Twenty-three days after sowing (1st of March 2007), three
seedlings of maritime pine (Pinus pinaster Ait.) were transplanted
in each pot. The pots were placed in a greenhouse, which was heated
for the first two months. During the experiment, the mean air tem-
perature was 21.5 °C and the mean relative humidity 69%. Six
lamps were used to increase the photoperiod to 16 h; the seedlings
received a daily average of photosynthetically active radiation of
19.1 mole m~2 d~'. The mean temperature in the growing medium
(sensors inserted 2 cm below the surface of the pot) was similar
among treatments and among blocks (mean = 24.2 °C). The pots
were watered with permuted water and maintained at 70% of their
maximum water holding capacity using an automated watering sys-
tem (drip irrigation).

2.6. Seedling harvest: biomass measurements

The pine seedlings were harvested 61, 95 and 130 d after plant-
ing. The total height of all harvested seedlings was measured. The
roots of the non-radioactive seedlings were extracted from the grow-
ing media and carefully washed with permuted water while those of
the radioactive seedlings were left in the growing media. For each
seedling, the biomass of the shoot (stem + needles) and of the roots
(non-radioactive seedlings only) was determined after drying to con-
stant weight at 105 °C.

2.7. Measurement of roots and hyphae

The roots of the non-radioactive seedlings were then divided into
two components: the first corresponding to the roots contained either
in the forest floor layer or in the upper part (0—6 cm) of the pots
filled with mineral soil only, the second corresponding to the deeper
mineral horizon in both kinds of pots (6—16 cm).

For all seedlings, total root length and mean diameter of both root
components were measured with WinRHIZO software (Ver. 2005.A;
Regent instruments, Quebec, Canada).
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The number of root tips per root length was used to estimate the
ectomycorrhizal status of the seedlings assuming that all the root tips
were colonized by ectomycorrhizal fungi (Bakker et al., 2006). We
used WinRHIZO to estimate the number of root tips since Bakker
et al. (2009) observed that the counts made by using WinRHIZO or a
microscope (visual observation) were similar.

Mesh bags filled with sand were used to estimate the growth of
ectomycorrhizal mycelia into the pots according to the method of
Wallander et al. (2004). Two bags were placed horizontally in each
pot, one in the upper horizon (containing either mineral soil or for-
est floor materials) and the other in the deeper horizon (mineral soil).
The mesh bags (6 by 6 cm) were sealed with a sewing machine. The
mesh size (30 wum) allowed the in-growth of fungal hyphae but pre-
vented that of roots. The bags were filled with 30 g acid-washed sand
(< 2 mm) and sealed. As there was no organic matter in the sand, it
was assumed that only mycorrhizal fungi developed within the bags
(Wallander et al., 2001). Bakker et al. (2009) showed that §'3C val-
ues of extramatrical mycelia collected in sand bags incubated at 5 cm
depth in an organo-mineral horizon were close to those of ectomycor-
rhizal carpophores, whereas the values for saprotrophic carpophores
were different. The mesh bags placed in the upper and deeper hori-
zons of the pots without radioactivity were collected at each harvest
date and were stored at 4 °C before processing. The length of the
hyphae inside the mesh bags was measured under a microscope as
described by Wallander et al. (2004). Each mesh bag was opened in
the laboratory. After mixing the sand, an aliquot of 15 g was intro-
duced in 80 mL water and after 1 min shaking, a subsample (5 mL)
was taken from the suspension and filtered. The filter was then stained
with methylene blue. The length of the hyphae was measured using
an ocular graticule, by counting the intersections between the grid
and the hypha (Tennant, 1975).

2.8. Determination of seedling nutrient concentrations

Before performing the chemical analyses, the seedlings were sep-
arated into shoot and roots and then samples belonging to a same
pot were pooled. Element analyses were carried out by inductively
coupled plasma spectrometry (P, Ca, K, Mg concentrations of non-
radioactive seedlings) and colorimetry (P concentration of the two
kinds of seedlings) after combustion in a muffle furnace at 450 °C
for 4 h and acid digestion with HNO3 (14 N). The total N concentra-
tion of some samples (non-radioactive seedling shoots, third harvest
date) was determined using a CN analyzer. Standard reference ma-
terial (SRM 1575a, pine needles of Pinus taeda L.) of the National
Institute of Standards and Technology in USA was used for quality
control.

2.9. Determination of specific activity

When planning this experiment, we decided to evaluate the pro-
portion of the P uptake originating from the mineral soil in the
MS+FF treatment by dividing the specific activity of the P uptake
measured in this treatment by that obtained in the MS treatment (Di
et al., 1997). Unfortunately, the P uptake in the MS treatment com-
puted by subtracting the initial P content to the current P content re-
mained insignificant at the three harvest dates and we were thus not
able to estimate its specific activity by this method. For both treat-
ments, we were however able to calculate the proportion of the shoot

M. Jonard et al.

P originating from the mineral soil (% P00 ms) by dividing the spe-
cific activity of the shoot P (S Agoo in Bq mg P by the specific
activity of the isotopically exchangeable phosphate ions contained in
the mineral soil (S Ay;s in Bq mg P~'; Morel and Plenchette, 1994).

SAshoot

SAnrs “

Y0P, shoot_ MS =
The shoot specific activity was obtained by dividing the shoot ra-
dioactivity (Ryeediing in Bq seedling™") by the shoot P content (Pgyo0; in
mg seedling™").
Rshoot
SAshoot Pshom (5)
The radioactivity of the solutions containing the mineralized radioac-
tive shoots (HNO;5; 0.74 N) was measured in a liquid scintillation
cocktail (9 mL mineralized solution mixed with 12 mL of Insta-
gel Plus Packard), using a liquid scintillation counter (TriCarb TR
Packard). In addition, the radioactivity of blank solutions was mea-
sured in mineralized solutions of non radioactive shoots and was used
to correct the radioactivity measured in the radioactive solutions.

To determine the specific activity of the mineral soil, we assumed
that the added **P was diluted in the isotopically exchangeable P pool
due to physico-chemical reactions (P, assessed with the batch ex-
periment) and in the microbial P due to immobilization — remineral-
ization processes (Achat, 2009; Walbridge and Vitousek, 1987). The
amount of isotopically exchangeable P (P.y) increases with time until
a maximum value which is supposed to be equal to the total amount
of soil inorganic P (Fardeau, 1993). In this respect, the soils of the
Landes de Gascognes are very particular and can reach the maximum
amount of isotopically exchangeable P much more quickly than other
soils (Achat et al., 2009). In our case, we estimated that an isotopic
equilibrium was obtained after 24 d; this time period was of the same
magnitude order as the time that was needed by the pine seedlings to
recover from transplanting. The specific activity of the mineral soil
was thus considered constant during the whole experiment and was
computed as the ratio between the radioactivity introduced in the soil
(R in Bq g7!) and the sum of the maximum isotopically exchange-
able P (max P s in mg P g7!) and the mean microbial P content
(PLLMS in mg p g71)~

Rsoil

SApyyg = — 6
MS max Pex?MS + Pu,MS ( )

The radioactivity of the soil labeling solution was determined in the
same matrix as the mineralized solutions. The counting was achieved
at the same time (end of the experiment) for all the mineralized so-
lutions and for the soil labeling solution in order to avoid quenching
effects and to take the decay into account.

2.10. Statistical and mathematical treatment of data

A two-way ANOVA was performed to test for the effects of treat-
ment and harvest date (and for their interaction) on the nutrient con-
centrations (N, P, Ca, Mg, K) of the seedling shoots (o = 0.05). The
two treatments were compared at each date using contrasts. Within
a given treatment, multiple comparison tests (Tukey) were used to
test for differences between harvest dates. A similar procedure was
used for biomass and for the P content of the seedling components
(root, shoot, total), for P uptake, for root length and diameter, for the
density of roots and hyphae and for root tips. Regarding root length
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Table I. Mean biomass and P content of the seedling components (shoot, root and total, n = 5). Different letters indicate significant differences
between the two treatments for the same harvest period. Different numbers indicate significant differences between harvest periods for the same
treatment (P < 0.05). For the whole seedling (total), values in bold indicate significant differences from the initial value (0 d).

Shoot Root Total
MS* MS+FF* MS MS+FF MS MS+FF

Biomass (g seedling™")
0df 0.028
61d 0.27" 0.31' 0.14' 0.1212 0.41'" 0.44'
95d 0.31122 0.70'® 0.16'% 0.24%° 0.47'% 0.94%°
130d 0.35% 2.16%° 0.19% 0.55% 0.53% 2.71%
P content (mg seedling ~!)
0d 0.21
61d 0.14% 0.3312 0.08'2 0.09'2 0.22'2 0.4312
95d 0.11122 0.79'® 0.08'2 0.23% 0.20' 1.01%
130d 0.10'2 1.68%0 0.07'2 0.36%" 0.18'2 2.03%

* MS: mineral soil, MS+FF: mineral soil + forest floor.
¥ Number of days after planting.

and diameter, the density of roots and hyphae and root tips, the two-
way ANOVA was performed separately for each horizon (upper and
deeper). In addition, the horizon effect was evaluated for each date
and for each treatment (¢ test). The statistical analyses were carried
out with the MIXED procedure of SAS software (version 8.20; SAS
institute Inc., Cary, N.C.).

For each harvest date, the P uptake of the MS+FF treatment was
calculated for each horizon as follows:

Upper + deeper horizon :U Pepims_j = Pscedling j — Pscedling 0 (7)

Deeper horizon ZUPMSJ = %PshoothSﬁj . PseedlingJ (8)

UppCI' horizon ZUPFFJ = UPFF+MSJ - UPMSJ (9)
where UP is the uptake per seedling (mg P_! . ), MS and FF indi-

cate the horizon concerned, Pgccqiing is the l;eecdgﬁent of the seedling
(mg Ps‘e‘ed“ng), % Pgnoor ms 18 the proportion of the shoot P content
originating from the mineral soil and j is the index for the harvest
period.

Regarding the MS treatment, the P uptake estimated by subtract-
ing the initial P content from the P content measured at the different
harvest dates was not significantly different from zero. However, we
estimated the P uptake by using the proportion of the P content orig-

inating from the mineral soil (Eq. (8)).

3. RESULTS
3.1. Seedling growth and P content

At the first harvest date, the average stem height of 9.1
(+1.3) cm was recorded and no differences were observed be-
tween treatments. The seedlings in the MS+FF treatment con-
tinued to grow at a sustained rate, and their stem height was
11.7 (£1.6) and 16.8 (+£3.1) cm at the second and third harvest

dates, respectively. In contrast, there was a drastic reduction in
growth of seedlings in the MS treatment.

At the first harvest date, the biomass components (shoot,
root, total) did not significantly differ in the two treatments
(Tab. I). At the second and third harvest dates, the total
seedling biomass in the MS+FF treatment was respectively 2
and 5 times larger than in the MS treatment (Tab. I). The root
to shoot biomass ratio was around 0.5 in the MS treatment and
exhibited no temporal variation. In contrast, the root to shoot
biomass ratio in the MS+FF treatment decreased from 0.39
(first harvest) to 0.25 (third harvest).

In the MS treatment, the total P content of the seedlings did
not vary with time and remained at the level observed at plant-
ing throughout the experiment. In contrast, the total P content
in the MS+FF treatment increased twofold, fivefold and ten-
fold at the first, second and third harvest dates, respectively.
The proportion of P allocated to the roots was higher in the
MS treatment (40%) than in the MS+FF treatment (20%).

3.2. Root and ectomycorrhizal mycelium

Like for stem height and biomass components, the total root
length was similar in both treatments at the first harvest date.
Subsequently, total root length stabilized in the MS treatment
but continued to increase in the MS+FF treatment resulting in
significant differences between treatments at the second and
third harvest dates (Tab. II). Based on length, about 40% of
the roots were located in the upper horizon and 60% in the
deeper horizon; this proportion was not affected by the treat-
ment (Tab. II).

Globally, the root diameter increased from the first to the
third harvest date and was larger in the MS treatment than in
the MS+FF treatment (Tab. II).

The number of root tips per root length was not affected by
the treatment except for a higher value in the forest floor at the
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Table II. Root length, diameter and density, density of extramatrical mycelia and root tips in the two soil horizons (upper horizon: 0-6 cm
depth, deeper horizon: 6-16 cm depth, n = 5). Different letters indicate significant differences between treatments for the same harvest period.
Different numbers indicate significant differences between harvest periods for the same treatment (P < 0.05). Values in italics for the deeper
horizon indicate significant differences from the upper horizon.

Root Extra-matrical mycelia Root tips
Length (cm seedling™!) Diameter (mm) Density (cm cm™) density (cm cm™) (Ncm™)
MS* MS+FF* MS MS+FF MS MS+FF MS MS+FF MS MS + FF

Upper horizon (0-6 cm)
61d" 098.712 131.5M 0.78'® 0.68'2 0.290' 0.301'2 2.821a 3.46!% 7.6 12.7'®
95d 100.7'2 202.2'° 0.83'° 0.69'2 0.295"2 0.463'° 4.16' 1.0512 5.51% 4.8%
130d 75.6% 393.6% 1.11%® 0.80% 0.22212 0.900% 2.231a 8.13% 4.3% 5.5%
Deeper horizon (6-16 cm)
61d 138.312 199.5'2 0.76'° 0.71122 0.280'2 0.40412 3.5412 2.0312 571 5.8l
95d 165.412 290.4'° 0.75'® 0.68'2 0.335"2 0.589'° 2,531 1.66' 431 4.4%
130d 167.012 643.1% 0.842° 0.76% 0.33812 1.303% 3.571 6.3012 431 3.9%

* MS: mineral soil, MS+FF: mineral soil + forest floor.
T Number of days after planting.

Table III. Mean nutrient concentrations of the seedling shoots (n = 5). Different letters indicate significant differences between treatments for
the same harvest period. Different numbers indicate significant differences between harvest periods for the same treatment (P < 0.05).

N(mgg™) P(mgg™) Ca(mgg™) Mg (mg g™!) K (mgg™)
MS*  MS+FF* MS  MS+FF MS  MS+FF MS  MS+FF MS  MS+FF
61 df 0.5% 1.0™ 1.412 1.1 1.5 1.2 9.8% 9.7%
95d 0.4% 1.1 1.51 0.9 1.41 1.0% 7.8% 741
130d  24.1° 19.9¢ 0.31a 0.8 L6 111 1.4% 111 6.5 7.21

* MS: mineral soil, MS+FF: forest floor + mineral soil.
T Number of days after planting.

first harvest date. In the upper horizon of both treatments, root
tips decreased between the first and the second harvest dates
(Tab. II). Regarding the density of external hyphae, no clear

Table IV. P status of the two growing media (standard deviation).

Mineral soil Forest floor

trend was observed, except for a higher value in the forest floor Total P (mg P g71) 0.084 (0.005)  0.412 (0.008)
at the third harvest date. On average, this density was one order  Organic P (mg P g™') 0.048 (0.001)  0.395 (0.009)
of magnitude (8 times) higher than root density (Tab. II). Microbial P (mg P g~1) 0.007 (0.003)  0.112 (0.004)
Inorganic P in solution (mg P g™!) 1.2E-5 (3.6E-6) 2.2E-3 (1.6E-4)
3.3. Shoot nutrient concentration Gross amount of P ions exchanged ~ 0.0012 . 133

At the third harvest date, the N concentration in the shoot
was higher in the MS treatment than in the MS+FF treatment;
this difference was however not significant (Tab. III). The P
concentration in the shoot was twice higher in the MS+FF
treatment than in the MS treatment; it decreased with time
in the MS treatment, while it exhibited no temporal trend in
the MS+FF treatment. The Ca concentration in the shoot was
significantly higher in the MS treatment than in the MS+FF
treatment; no temporal trend was observed whatever the treat-
ment. The Mg concentration in the shoot was also significantly
higher in the MS treatment than in the MS+FF treatment; no
temporal variation was observed whatever the treatment. The
K concentration in the two treatments did not significantly dif-
fer from each other except at the third harvest date. In each
treatment, the K concentration in the shoot decreased with
time.

in t minutes (mg P g~!)

3.4. P status of the growing media

At the beginning of the experiment, the total P content of
the mineral soil was 0.084 mg P g~'and contained 57% of or-
ganic P; the remaining 43% was considered as inorganic P. Ac-
cording to the kinetics equation (Eq. (3)), the inorganic P pool
was isotopically exchangeable in 24 d. Within this pool, the P
ions in solution represented an insignificant fraction (Tab. IV).

Regarding the forest floor, the total P content at the begin-
ning of the experiment consisted mainly of organic P of which
27% of microbial P (Tab. IV). Based on the kinetics of isotopic
dilution, we considered that there was no phosphate exchange
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Table V. Biomass and P concentration in radioactive shoots, radioactivity (Rgoo), and specific activity (S Agoor) Of the P contained in the shoots,
specific activity of the isotopically exchangeable P ions of the mineral soil (S Ays) and proportion of the shoot P originating from the mineral

801l (% Pgnoot ms)- Values in parentheses are standard deviation (n = 5).

Shoot biomass Pghoot Rihoot S Ashoot S Ams 90 Pshoot_Ms
(g seedling™") (mg g™ (Bq seedling™) (Bqmg P™!) (BqmgP™1) (%)
MS
61d 0.27 (0.06) 0.41 (0.05) 0.63 (0.33) 5.66 (2.62) 1054.66 0.54 (0.25)
95d 0.30 (0.05) 0.29 (0.04) 0.93 (0.47) 10.31 (3.67) 1054.66 0.98 (0.35)
130 d 0.38 (0.10) 0.25 (0.04) 0.81 (0.82) 8.84 (1.45) 1054.66 0.84 (0.14)
FF + MS
61d 0.28 (0.05) 0.82 (0.21) 0.61 (0.17) 270 (0.65) 1054.66 0.26 (0.06)
95d 0.70 (0.17) 1.43 (0.37) 4.24 (0.62) 4.49 (0.95) 1054.66 0.43 (0.09)
130d 2.38 (0.33) 0.97 (0.18) 18.83 (11.42) 8.45 (3.82) 1054.66 0.80 (0.36)

Table VI. P uptake in the two treatments. Values in parentheses are
standard deviations (n = 5). Different letters indicate significant dif-
ferences between harvest periods in the same column (P < 0.05).

P uptake (mg seedling™)
MS+FF treatment
MS horizon

MS treatment
Total

FF horizon

61d  0.001° (0.0007) 0.362° (0.212)  0.0012 (0.001)
95d  0.002* (0.0005) 0.846* (0.209)  0.005 (0.002)
130d  0.001° (0.0003) 1.793° (0.665)  0.016° (0.006)

between the solution and the solid phase of the forest floor and
that all the inorganic P was in solution. Indeed, all the 3?P in-
troduced in the forest floor suspensions remained in solution.

3.5. P uptake and contribution of the mineral soil
to P supply

P uptake in the MS treatment and in the two horizons of
the MS+FF treatment was calculated from the seedling P con-
tent (Tab. I) and from the proportion of the P content origi-
nating from the mineral soil (Tab. V) using equations (7) to
(9). P uptake in the MS treatment did not vary between har-
vest dates and was much lower than P uptake in the MS+FF
treatment which increased steadily with time (Tab. VI). In the
MS+FF treatment, the proportion of P uptake originating from
the mineral soil was 0.5, 0.6 and 0.9% at the first, second and
third harvest date, respectively (Tab. VI).

4. DISCUSSION
4.1. Phosphorus, limiting factor for seedling growth

Until the first harvest date, the maritime pine seedlings de-
veloped at the same rate in both treatments. However, in the
MS treatment, the seedlings grew using the P stored in the

seeds without being able to take up additional P from the min-
eral soil. In contrast, in the MS+FF treatment, the seedlings
doubled their P content during the first period (Tab. I). During
the rest of the experiment, seedling growth nearly stopped in
the MS treatment (Tab. I) while it continued at a sustained rate
in the MS+FF treatment. Similarly, Hallsby (1995) observed
that spruce seedlings growing in forest floor materials devel-
oped two to three times faster than those growing in mineral
soil. This contrasted growth pattern could theoretically be as-
cribed to higher water or nutrient availability in the MS+FF
treatment. However, the soil moisture level maintained in the
pots (70% of maximum water holding capacity) was chosen to
avoid any water stress and to enable good soil aeration. Con-
cerning mineral nutrition, the N, Ca, Mg and K nutritional sta-
tus of the shoot seemed adequate in both treatments but was
globally better for the seedlings in the MS treatment. In con-
trast, the P nutritional status of the shoot was lower in the MS
treatment, and indicated a severe P deficiency (Tab. III).

The P deficiency of the seedlings growing in mineral soil is
not surprising since the acid sandy soils (podzol) of the Lan-
des de Gascogne are known to be poor in P (Augusto et al.,
20006; Trichet et al., 1999). Pot experiments (Saur, 1989) and
fertilization trials (Trichet et al., 2000; 2008) showed that P
is the main limiting factor for tree growth in the forest of the
Landes de Cascognes. Other limiting factors appear only when
the P limitation has been removed (Trichet et al., 2008). In the
present study, the pine seedlings (MS treatment) probably ad-
justed to the P limitation first by allocating more C to roots
(Tab. I, Cheaib et al., 2005). However, as the deficiency was
very pronounced, it is possible that photosynthesis was subse-
quently depressed (Loustau et al., 1999).

4.2. Contributions of the forest floor to P supply

At the end of the experiment, the forest floor had supplied
99.1% of the P immobilized in the seedlings in the MS+FF
treatment (Tab. VI). In a field study using radioisotope tech-
niques (*’P and *3P), Brandtberg et al. (2004) reported that the
contribution of the forest floor to the supply of P was respec-
tively 93 and 95% in spruce and birch trees.
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In our study, the dominant contribution of the forest floor
cannot be explained by more extensive root colonization of
this growing medium or by a better development of the ex-
tramatrical mycelia. Indeed, the forest floor contained only
40% of the roots in the MS+FF treatment and the extramatri-
cal mycelia developed very slowly in both treatments (Tab. II).
The length of external hyphae expressed per unit of root length
amounted to an average of 8 (m m™') while values ranging
from 500 to 8000 were reported by Read and Boyd (1986)
and Rousseau et al. (1994). In the MS+FF treatment, the
length of the external hyphae increased at the third harvest
date, probably due to the good seedling development, enabling
the translocation of carbohydrates to the mycorrhizal fungi
(Black, 1988).

The capacity of the growing media to supply P to seedlings
depended largely on their P-retention properties. In the forest
floor, 100% of the isotopically exchangeable P was in solution
and was therefore easily available for root absorption (Barber,
1995). However, this pool of exchangeable P was subject to
marked temporal variations since it was controlled by rapid
biological processes such as mineralization of organic matter,
immobilization in microbial biomass, and root uptake. In the
mineral soil, more than 99% of the isotopically exchangeable
P was bound to soil constituents and could be mobilized by
depletion of the soil solution (Stroia et al., 2007). However,
P transport by diffusion was very slow and did not enable a
significant amount of P to be mobilized. Indeed, the P concen-
tration gradient around the roots remained low since the inor-
ganic P concentration in solution was very low (Yanai, 1994).

The differential P-retention capacity of the two growing
media may be related to their contrasted contents of free Al
and Fe oxides (Stevenson and Cole, 1999). In the mineral soil,
these contents were at the upper ends of the ranges observed
for the sandy podzols of the Landes de Gascogne (Al Tamm:
0.1-2.4 mg g~!, Fe Tamm: 0.05-2.3 mg g~'; Achat, 2009).
The mineral soil used in this study was thus part of the more P-
retentive soils of the Landes de Gascogne. Compared to other
soil types, these soils have however a low ability to adsorb P
(Achat et al., 2009). Globally, forest soils are generally acid
with a high P-retention capacity (Attiwill and Adams, 1993);
in this context, the accumulation of litter within the forest floor
probably plays a major role in P nutrition.

Several authors have mentioned better nutrient status in
stands exhibiting thicker holorganic layers. In a study includ-
ing 48 radiata pine stands in New Zealand, Carey et al. (1982)
showed that the P foliar concentration was positively corre-
lated with the forest floor mass. In the Quebec Appalachi-
ans, Paré and Bernier (1989) observed that sugar maple stands
growing on soils with mor humus had higher P foliar concen-
trations than soils with mull humus. Using long-term thinning
trials in Norway spruce stands, Jonard et al. (2006) showed
that an increase in the forest floor mass with stand basal area
was accompanied by a parallel increase in the foliar N, P and
K concentrations. Except for K, similar results were found by
Merino et al. (2008) for beech in Spain. Comparing P cycling
in Douglas fir and red alder stands, Compton and Cole (1998)
observed that the higher P uptake in the red alder stand (4.3 vs.
2.7 kg ha™! y~!) was associated with a larger P amount in the

M. Jonard et al.

O horizon (79 vs. 24 kg ha™!) and a lower amount of available
P in the mineral soil (4 vs. 44 kg ha™!).

It is worth mentioning that the effects of the forest floor
on P nutrition can also vary with climate conditions. During
periods of drought, the forest floor may be strongly affected.
In this context, its capacity to supply P could be limited by its
low water content. Conversely, the presence of the forest floor
slows down the drying of the underlying horizons.

5. CONCLUSION

Conventional wisdom in forestry considers that nutrient
immobilization in thick forest floors lowers site productiv-
ity. On its own, this point of view oversimplifies the function
of the forest floor for tree nutrition and can lead to counter-
productive management guidelines. In acid mineral soils, P
uptake is limited since the high P-retention capacity of the soil
solid phase maintains the concentration of inorganic P in so-
lution at a very low level. In this context, the accumulation
of decomposing litter creates an alternative medium with low
P-retention capacity that allows close coupling of litter decom-
position and root uptake. If this biological control of P avail-
ability is disrupted, it is likely that large amounts of P migrate
from the forest floor to the underlying mineral horizons (Wood
etal., 1984). Recovery of the P transferred in the mineral hori-
zons as a result of a disturbance (such as plowing before plan-
tation) may take a few decades and forest growth may be re-
duced during this period. Where P is a limiting factor for tree
growth, foresters are therefore recommended to use practices
that preserve the forest floor.
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