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Abstract: The aim of this study was to determine the effect of a Douglas fir plantation along a stand
chronosequence in the North Apennine (Italy) on soil carbon and nitrogen stocks, as well as on
soil chemical and biochemical properties involved in the nutrients biogeochemical cycle. In 2014,
three sites of Douglas fir stands, aged 80, 100, and 120 years, were selected in Vallombrosa forest to
study the dynamics of soil nutrients in the ecosystem. Along the Douglas fir chronosequence, general
evidence of surface element accumulation was found, including a conspicuous increase of alkaline
element with respect to Al, which was attributed to the increase of soil pH along the Douglas fir
stand age classes. A general increase of specific enzyme activity (per unit of organic carbon) and
functional diversity were observed in the epipedon of the Douglas fir stand over 100 years of age.
Moreover, the (chitinase + leucine aminopeptidase) to acid phosphatase ratio progressively increased
from 0.15 to 0.31 in the epipedon of the chrononsequence, while the β-glucosidase to (chitinase
+ leucine aminopeptidase) ratio decreased from 1.45 to 0.83, suggesting nitrogen limitation with
respect to carbon. In fact, the soil carbon stock progressively increased along the chronosequence,
in the epipedon from 17 to 53 Mg C ha−1 and in the endopedon from 17 to 37 Mg C ha−1. Conversely,
the soil nitrogen stock increased from 1.2 to 2.4 Mg N ha−1, but not over the 100-year-old stand class.
In conclusion, soil organic matter accumulation became sufficient to define the umbric horizon in
the Northern Apennines when the Douglas fir plantation reached the age of 100 years. Over this
age class of plants, a limitation of soil nitrogen may occur, affecting enzyme activities regulating the
biogeochemical cycle of nutrients.

Keywords: nutrient balance; carbon nitrogen stocks; umbric horizon; microbial activity; functional
diversity

1. Introduction

Regenerating forests and plantations may represent important C sinks because of the C storage
in both plant biomass and soils [1]. The forest floor comprises the most dynamic part of soil organic
carbon (SOC) stock; therefore, it is important to predict the effects of forest ecosystem management on
SOC stock [2]. In addition, forest ecosystems are rarely studied concerning their temporal dynamics,
although it has been demonstrated that changes in soil organic matter (SOM) dynamics occur with
forest aging [3,4]. Plant succession and associated space-for-time substitutions are an important and
often necessary tool for studying temporal dynamics of soil processes involved in C sequestration
across multiple time-scales [5]. They can be reliably used to study aspects of soil development and
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changes in SOM that occur between temporally linked sites over time-scales of centuries to millennia.
Douglas fir (Pseudotsuga menziesii Mirb. Franco) has played an important role in Italian plantation
forestry because, within its optimal vegetation zone, which ranges from 600 to 1000 m above sea
level, no indigenous conifer has similar characteristics of productivity and timber quality [6]. It is
known that in the North Apennine before the Second World War (year 1940), the reforestation of
Douglas fir had the main purpose of occupying the areas degraded for grazing or those that were
subjected to excessive clearing, mostly during the First World War [7,8]. In this context, soil was
strongly eroded and showed an impoverished epipedon with low nutrient contents and humified
organic matter. The Douglas fir reforestation of marginal areas of forest with low productivity then had
the principal purpose of recovering this deficiency and improving soil fertility. In fact, it is known that
Douglas fir plantations provide a prompt increase of SOM content [9], even if different compositions
of SOM may also occur [10]. For instance, a significant reduction in the aromatic substance content
of dissolved organic C was found in litter leachates of the Douglas fir species compared to that
of other plantations [10]. To fully understand the mechanistic responses of belowground C and
the dynamics of changing SOM properties, microbial activity parameters such as enzyme activity
must be considered. The most widely assayed enzymes are those involved in the degradation of
lignocellulose (e.g., cellobiohydolase and β-glucosidase), proteins, chitin, and peptidoglycan (e.g.,
leucine aminopeptidase and N-acetyl-β-glucosaminidase), or hydrolyzing nucleic acids, phospholipids,
and other ester phosphates (e.g., acid or alkaline phosphatase) [11]. Sinsabaugh et al. [12] found that the
ratios between those enzymatic activities may reflect the equilibria between the elemental composition
of microbial biomass and detrital organic matter as well as the efficiencies of microbial nutrient
assimilation and growth. Therefore, the enzymatic ratios provide a functional measure of the threshold
at which the balance of elements in ecological and pedogenetic processes can be controlled [12].

Moreover, the plant cover affects the soil profile development of Cambisols with different
expressions of the eutric qualifier [13] through changes of SOM stability and soil pH [14]. However,
little is known about the effect of exotic species age, such as Douglas fir, on soil processes involved in
carbon sequestration and nutrient dynamics, as well as on the biogeochemical cycle of elements along
soil profiles [15]. Nitrogen (N) might be the primary limiting nutrient in these forests under various
management; thus, N retention can be critical for long-term productivity [16]. Of particular interest
in stand recovery is the point at which N losses resulting from clear-cutting become equal to levels
found in old-growth forests [17,18]. In a previous chronosequence study, it was demonstrated that the
sustainable management of Douglas fir in the Monts du Beaujolais (France) might preclude a rotation
shorter than 50 years [19], while Marques et al. [20] suggested that the sustainable management of
Douglas fir stands may require nutrient input by fertilization. Jussy et al. [21] reported that as nutrient
losses decrease with the increasing stand age of Douglas fir, forest rotations of over 60 years are
recommended, as fertility budgets are closer to equilibrium. However, the optimum age of Douglas fir
to obtain high productivity, C sequestration, and soil quality improvement have never been tested in
the North Apennine (Italy). For this reason, the hypothesis tested was that soil profile development
under Douglas fir is depending on forest stand age. Therefore, the aim of this study was to determine
the effect of Douglas fir plantation on soil carbon and nitrogen stocks, as well as on chemical and
biochemical properties involved in the nutrient biogeochemical cycle in three stand age areas of the
North Apennine (Italy).

2. Materials and Methods

The Vallombrosa Forest in 1866 became state property with the introduction of arboretum plants,
some of them for experimental purposes. The drafting of the first settlement plan dates back to
1876 and was followed by others on a ten-year basis [22]. Those plans spited out the forest into
cultivation compartments of about 20–30 ha, which in turn were subdivided into cultivation units
(Forest parcels) [23].
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The introduction of the experimental Douglas fir dates back to the late nineteenth century with the
aim of spreading this exotic species in many areas of the northern Apennines for reforestation and soil
improvement in degraded areas [24,25]. In this investigation three parcels of Douglas fir (Pseudotsuga
menziesii Mirb. Franco) stands homogeneous for pedogenetic factors, as seen in Figure 1, aged 80, 100,
and 120 years, were selected in the Vallombrosa Forest to study the dynamics of soil nutrients in the
ecosystem. The Vallombrosa Forest is a State Natural Reserve Biogenetic, entered in the Official List
of protected areas in accordance with Law 394/91. In addition, it is part of the Natura 2000 network,
included within the Site of Community Importance “Vallombrosa Forest” and St. Anthony (code
IT5140012), and it is also classified as a Site of Regional Importance (SIR) (Legge Regionale Toscana
56/2000). This area is located on a mountain range which extends from the Tuscan-Emilian Apennines,
jutting out to the southeast to the step of Consume, then spreading in Pratomagno. The Reserve covers
over 513 ha on the western side of the massif of Pratomagno, including the summit of Mount Secchieta
(1440 m a.s.l.), to the village of Tosi (470 m a.s.l.) in the Northwest, as seen in Figure 1. The ridge is
made of a single lithology, an Oligocene sandstone consisting of thick arenaceous beds intercalated
with thin layers of siltstone. The mineralogical assemblage is composed mainly of quartz, feldspars,
kaolinite, chlorite, and micas [26]. The climate at Vallombrosa is humid temperate, with a mean annual
precipitation of about 1400 mm and a mean annual temperature of 10.2 ◦C. January is the coldest
month (1.9 ◦C), while July the warmest (19.6 ◦C). Snowfall is frequent in winter and common in early
spring [26].

1 

 

 

Figure 1. Location of soil survey. DOUG8, DOUG10 and DOUG12 are soil profiles opened in the three
Douglas fir stand age areas. In table are shown the surface extension, the elevation and the slope of the
forest parcels.
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Silver fir (Abies alba Mill.) and European beech (Fagus sylvatica L.) are the dominant tree species of
the area; moreover, experimental plantations of exotic species, e.g., Douglas fir (Pseudotsuga menziesii
Mirb. Franco), are present in parcels, representing reforestation stands with different ages [27].

2.1. Soil Sampling

Three areas of Vallombrosa Forest were chosen in 2014 for soil sampling, as seen in Figure 1.
The three areas were selected to ensure similar pedological conditions except stand age, so that they
represented a stand chronosequence with 80-, 100-, and 120-year-old plantations. The stand age within
the areas is homogeneous according to the date of plantation documented by the settlement plan
shown in Figure 1.

A soil profile was opened in each area (DOUG 8, DOUG 10, and DOUG 12 at elevations of
1047, 1026, and 943 m a.s.l., respectively) and taken as reference soil (about 1 m wide and 1 m deep);
genetic horizons were described and then sampled in order to define the soil depth of epipedon and
endopedon. The soil homogeneity within each area was assessed by a preliminary investigation on
soil morphological features (soil horizons differentiation and depth) as systematic random locations
along two 30 m transects. Then six soil samples were randomly collected across the same transects at
each area to get replications of the epipedon (A1 and A2 soil superficial horizons) and endopedon (Bw,
BC, C soil deep horizons) at each site.

2.2. Soil Bulk Density and Physicochemical Analyses

Four cylinders for each soil profile at the epi- and endopedons were collected to determine the
bulk density of soils. Total bulk density is calculated by the following equation:

BD = TW/VH (1)

where TW is the total oven-dry weight of soil removed from the metal cylinder; VH is the cylinder volume.
At the laboratory, the samples were oven-dried at 105 ◦C for 24 h and the oven-dry weight was

determined. Organic carbon stocks, as shown in Equation (2), for fixed soil volumes of two soil layers
(i) were calculated based on the bulk density (BD) as shown in Equation (1), the relative contribution of
fine earth material (soil <2 mm) total soil mass, layer thickness, and organic carbon (OC) concentration
which was determined for each soil sample collected in the random spots.

OC stock (t ha−1) = OCi concentration (g kg−1) BDi (g cm−3) × layer thickness (cm) × 0.1 (2)

All of the samples obtained by the genetic horizons were air-dried and sieved (<2 mm), and the soil
analyses were carried out on the obtained fine earth fractions. The pH was determined potentiometrically
in a 1:2.5 soil:deionized water suspension. The texture was obtained by the pipette method after the
dispersion of the sample in a sodium hexametaphosphate solution [28]. Total organic C and total N
content was determined by dry combustion (EA-1110 Thermo Scientific Lab, Waltham, MA, USA).
The cation exchange capacity (CEC) was determined after exchange with 0.05 N cobalthexamine chloride
solution [29,30]. The exchange acidity was determined in KCl 1 M. The total element concentrations were
measured by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES, Ametek, Spectro
Analytical Instruments, Kleve, Germany) after HNO3:HCl (1:3 v:v, suprapure Merck, Kenilworth, NJ,
USA) microwave digestion of samples [14]. The amount of amorphous Al and Fe oxides, extracted
with acid ammonium oxalate [31] allowed us to calculate the spodicity index (SI) [13] as Alo + 1/2Feo.
The SI was calculated to assess if the cheluviation/chilluviation of organo-metal complexes was enhanced
by the Douglas fir aging. Pedogenic aluminum oxides (Ald) were estimated through extraction with
Na–dithionite–citrate–bicarbonate [32]. The Fe and Al content of the extracts were analysed by ICP-OES.
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2.3. Soil Organic Matter Properties

For each genetic horizon the organic C was extracted (TEC) with a solution of 0.1 M NaOH and
0.1 M Na4P2O7 at 65 ◦C for 24 h. The humic acids (HA) were separated from TEC by acidification
(pH < 2) and centrifugation, while fulvic acids (FA) were separated from the non-humified organic
material by solid chromatography with polyvinyl pyrrolidone resin [33]. The organic C content in
the TEC, HA, and FA fractions was determined by wet oxidation at 160 ◦C with K2Cr2O7 1/3 M,
according to the method of Springer and Klee [34]. Following the determination of TEC and humic
(HA and FA), the non-humic substances was obtained by the difference NH = TEC − (HA + FA) and
the humification index [35] was calculated:

HI = [NH]/(HA + FA) (3)

2.4. Soil Enzyme Activities and Functional Diversity

Soil enzyme activity provides a functional fingerprint of soil microbial communities and can be
an indicator of nutrient biogeochemical change following Douglas fir ecosystem disturbance [36].
Therefore, a suite of enzymes was measured for each soil sample according to the methods of
Marx et al. [37] and Vepsalainen et al. [38], based on the use of fluorogenic substrates. Soils were
analyzed for β-cellobiohydrolase (EC 3.2.1.91), N-acetyl-β-glucosaminidase (EC 3.2.1.30), β-glucosidase
(EC 3.2.1.21), α-glucosidase (EC 3.2.1.20), acid phosphatase (EC 3.1.3.2), xylosidase (EC 3.2.2.27), and
Leucine aminopeptidase (EC 3.4.1.1) using 4-MUF-β-D-cellobioside, 4-MUF-N-acetyl-β-glucosaminide,
4-MUF-β-D-glucoside, 4-MUF-α-D-glucoside, 4-MUF-phosphate, 4-MUF-7-β-D-xyloside, and L-Leucine-
7-amido-4-methylcoumarin hydrochloride as substrates, respectively.

A moist sample (equivalent weight to 2 g oven-dried material) was weighed in a sterile jar
and 50 mL of Na-acetate buffer (pH 5.5) was added. A homogenous suspension was obtained by
homogenizing with UltraTurrax at 9600 rpm for 3 min. Aliquots of 100 µL were withdrawn and
dispensed into a 96-well microplate. Then, 100 µL of 1 mM substrate solution was added, giving a
final substrate concentration of 500 µM. Fluorescence was measured after 0, 30, 60, 120, and 180 min
of incubation at 30 ◦C. Fluorescence (excitation 360 nm; emission 450 nm) was measured with an
automated fluorometric plate-reader (Fluoroskan Ascent). The enzyme specific activity (per unit
of Corg) was calculated in order to keep the amount of organic matter as an internal control [39].
The Synthetic Enzymatic Index (SEI) was calculated as the sum of all enzyme activity, representing a
synthetic measure of the microbial functional capacity [40]. In addition, the following indices were
calculated to reveal the soil nutrient balance and soil development:

1. β-glucosidase to chitinase + leucine aminopeptidase ratio (BG/(NAG + LAP)), as an indicator of
the nitrogen limitation with respect to carbon [12];

2. Chitinase + leucine aminopeptidase to acid phosphatase ratio (NAG + LAP)/PHOS), as an indicator
of the phosphorus limitation with respect to nitrogen [41];

Finally, using the enzyme activities, the soil functional diversity was assessed by calculating the
Shannon diversity index [42], corresponding to the entropy concept defined by:

H′ = −Σpi × ln pi (4)

where pi is the ratio of the activity of a particular enzyme to the sum of all enzymatic activities [43,44].

2.5. Foliar Nutrients

Three samples, each including five mature sunny leaves, were collected per species on each
half-plot. Total N and microelement (Fe, Mn, Al) contents were determined for these samples using
elemental combustion analysis (EA-1110 Thermo Scientific Lab. (Waltham, MA, USA) and ICP-OES
after HNO3:H2O2 (3:1.5 v:v, suprapure Merck (Kenilworth, NJ, USA) microwave digestion of samples,
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respectively. Data were expressed both on the leaf mass basis and the N-ratio basis [45]. The method
is based on two main assumptions: (1) within a wide range, the concentration of a nutrient element
is not per se essential to the “vitality” of a plant; the proportions of elements relative to nitrogen are
just as important; and (2) the optimal proportion between nutrient elements is similar for all vascular
plants and can be defined in relation to nitrogen.

2.6. Statistical Analysis

Differences in soil chemical and biochemical properties and organic C and N stocks were evaluated
by one-way analysis of variance (ANOVA) with epipedon/endopedon as the factor, for each stand
age; while the six independent samples collected at each area represented the soil replications. Before
analysis, the homogeneity of variances was verified using Levene’s test. Statistical analysis was carried
out using the JMP 9.0 statistical software package (SAS Institute, Cary, NC, USA).

3. Results

3.1. Soil Properties of Stand Age Classes

The soils showed a limited thickness with a lithic contact within 50 cm of the mineral soil surface.
A progressive deepening of organo-mineral horizons was observed. Therefore, as seen in Figure 2,
in the pedons DOUG10 and DOUG12, the sum of A horizons was higher than 20 cm. Under wet
conditions, the colour of the surface layers varied from dark brown to brown and from dark reddish
to brown in deeper horizons as seen in Table 1. The A1 and A2 horizons (epipedon) showed a value
and chroma ≤3, recorded in Table 1. The main physicochemical properties of the investigated pedons
are shown in Table 2. The pH values increased with pedon depth according to the stand age classes
(ranging from 4.4 to 5.4), while the base saturation was less than 50% for all horizons. The soils texture
was predominantly sandy. The organic C decreased with the depth of the soil profiles; in the epipedon,
it was always higher than 20 g kg−1. According to the soil taxonomy, the pedon DOUG 8 is classified
as Dystrudepts, while pedons DOUG10 and DOUG12 are classified as Humudepts [46] due to the
clear identification of an umbric horizon [26]. In these last soil profiles, a differentiation of organic
layers (Oi, Oe, Oa) was observed to deepen on organo-minerals horizons as seen in Figure 2. Moreover,
an increase of organic C content was observed in the epipedon along the chronosequence as shown in
Table 2. Soil pH, cation exchange capacity, and base saturation (BS) in the soil upper layers increased
from 80- to 120-year-old plantations, as seen in Figure 3A,B, while FAld/Alt as well as the spodicity
index (Alo + 1/2Fe) decreased from 80- to 100-year-old plantations, as shown in Figure 3C,D.
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Table 1. Description of soil profiles according to Schoeneberger et al. [47].

Age Profile
Horizons Boundary Color Munsell Structure

Texture
Consistence Roots Rock Fragments

Master Depth (cm) D T dry Moist G S T D M S P Q S S V% R

80 DOUG 8

Oi 4–2 A S
Oe/Oa 2–0 A W 10YR3/3 7.5YR3/2

A1 0–4 C W 10YR4/3 7.5YR3/3 1 f GR l/cl S VFR (w)s (w)p 1 f FGR 2 2
A2 4–12 C S 10YR4/4 7.5YR3/3 1 f ABK l S VFR (w)ss (w)ps 2 f/m FGR 3 2
Bw 12–20 C S 10YR5/4 10YR4/4 1 f ABK sl SH FR (w)so (w)ps 0 f MGR 3 1
BC 20–24 D I 10YR6/4 10YR4/4 1 m ABK sl SH FR (w)ss (w)ps 0 f MGR 4 1
C 24–40+ U 10YR6/4 10YR6/4 0 m SG sl MH FI (w)ss (w)ps MGR 8 1

100 DOUG 10

Oi 3–2 A S
Oe 2–0 A S
A1 0–5 C W 10YR4/3 7.5YR2.5/3 1 f/m SBK l S VFR (w)ss (w)p 1 f/m 0
A2 5–16/17 C W 10YR4/4 7.5YR3/3 1 f SBK l S FR (w)so (w)ps 1 f/m FGR 2 2
Bw 16/17–31 C S 10YR5/4 7.5YR4/6 1 f ABK sl SH FR (w)so (w)ps 1 m MGR 10 1
C 21–40+ U 10YR6/4 10YR4/6 0 m SG sl MH FR (w)ss (w)p CGR 16 1

120 DOUG 12

Oi 5–4 A S
Oe 4–2.5 A S
Oa 2.5–0 A S 10YR3/2 5YR3/1
A1 0–8 A W 10YR4/3 5YR3/2 1 f/m GR sl S VFR (w)so (w)ps 3 f/m CGR 7 2
A2 8–25 C W 10YR4/4 5YR4/4 1 f SBK sl S VFR (w)so (w)ps 2 f MGR 8 2
Bw 25–31 C S 10YR5/4 5YR6/4 1 f/m ABK sl SH FR (w)so (w)ps 0 f FGR 7 1
C 31–60+ U 10YR6/4 7.5YR5/8 0 m SG l SH FR (w)so (w)ps

Horizon Boundary: (D) Distinctness: A = abrupt, C = clear, G = gradual, D = diffuse, (T) Topography: S = smooth, W = wavy, I = irregular, U = unknown; Structure: (G) Grade:
0 = structureless, 1 = weak, (S) Size: vf = very fine, f = fine, m = medium, co = coarse, (T) Type: GR = granular, PL = platy, ABK = angular blocky, SBK = subangular blocky, SG = single
grain; Texture Field estimation: cl = clay–loam, l = loam, sl = sandy loam; Consistence Rupture resistance: (D) Dry: S = soft, SH = slightly hard, MH = moderately hard, (M) Moist: VFR =
very friable, FR = friable, FI = firm, (S) Stickiness: (w)so = non-sticky, (w)ss = slightly sticky, (w)s = moderately sticky, (P) Plasticity: (w)ps = slightly plastic, (w)p = moderately plastic;
Roots: (Q) Quantity: 0 = very few, 1 = few, 2 = common, 3 = many, (S) Size: vf = very fine, f = fine, m = medium, co = coarse; Rock fragments: (S) Size: FGR = fine gravelly, MGR =
medium gravelly; CGR = coarse gravelly, (V%) Fragment content % by volume, (R) Roundness: 1 = angular, 2 = subangular, 3 = subrounded.
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Table 2. Main physico-chemical properties of investigated pedons. Values are mean ± standard error (n = 3).

Stand Age (years)
Horizons Depth Year pH Corg Sand Silt Clay CEC BS

cm g kg−1 g kg−1 Cmol(+) kg−1 %

80

A1 0–3 80 4.4 ± 1.2 47.7 ± 1.6 364 ± 23 359 ± 25 277 ± 21 16.0 ± 1.2 22.7 ± 0.3
A2 3–12 80 4.2 ± 1.4 35.0 ± 2.0 407 ± 56 336 ± 21 257 ± 25 13.9 ± 0.9 16.8 ± 0.4
Bw 12–20 80 4.7 ± 1.6 32.1 ± 1.1 721 ± 32 239 ± 16 40 ± 11 11.9 ± 1.1 12.0 ± 1.0
Bc 20–24 80 4.4 ± 0.8 28.9 ± 1.5 692 ± 58 245 ± 19 63 ± 8 10.8 ± 0.5 8.6 ± 0.9
C 24–40+ 80 4.8 ± 0.8 27.8 ± 2.3 615 ± 63 314 ± 29 71 ± 10 9.1 ± 0.4 7.9 ± 0.5

100

A1 0–5 100 5.0 ± 0.9 53.4 ± 2.8 369 ± 36 420 ± 38 211 ± 15 17.9 ± 1.3 47.6 ± 1.2
A2 5–16/17 100 5.1 ± 1.3 33.9 ± 1.9 361 ± 45 416 ± 35 223 ± 16 18.5 ± 1.5 46.6 ± 0.9
Bw 16/17–31 100 5.5 ± 1.1 22.4 ± 1.4 604 ± 25 323 ± 24 73 ± 10 16.4 ± 0.9 34.1 ± 1.2
C 21–40 100 5.6 ± 1.2 12.3 ± 2.1 716 ± 45 231 ± 21 53 ± 5 11.5 ± 0.7 37.0 ± 1.1

120

A1 0–8 120 5.2 ± 1.4 91.2 ± 1.8 620 ± 36 239 ± 21 141 ± 19 38.9 ± 1.1 43.8 ± 1.1
A2 8–22 120 5.4 ± 1.5 34.7 ± 1.3 639 ± 72 209 ± 32 152 ± 11 26.4 ± 1.3 42.4 ± 0.4
Bw 22–31 120 5.4 ± 1.2 43.9 ± 1.9 662 ± 34 217 ± 19 121 ± 9 19.5 ± 1.1 45.3 ± 0.5
C 31–40+ 120 5.0 ± 1.8 18.3 ± 2.3 473 ± 38 383 ± 22 144 ± 10 8.0 ± 0.9 34.1 ± 0.3
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Figure 3. Chemical properties of epipedon (dark grey) and endopedon (light grey) along the Douglas fir stand chronosequence: soil pH (A), BS = base saturation
(B), Ald/Alt = Pedogenic aluminium oxides to total aluminium (C), SI = spodicity index (D). Bars represent standard error, asterisk indicate significant difference
(* p ≤ 0.05) between epipedon and endopedon at each stand age (n = 6).
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3.2. Soil Carbon and Nitrogen Stocks

The soil C stock increased in both the epi- and endopedons with increasing stand age class, as seen
in Figure 4A. The soil C storage in the epipedon of 80-, 100-, and 120-year-old plantations was 17, 37,
and 53 Mg C ha−1, respectively. The nitrogen stock showed an increase in both the epi- and endopedons
of 80- to 100-year-old stand ages, while a similar value was registered in 100- to 120-year-old plantations
as seen in Figure 4B. The N storage in the epipedon of 80-, 100-, and 120-year-old plantations was
1.4, 2.6, and 3.0 Mg N ha−1. However, a significant reduction in the N stock was observed in the
endopedon with respect to the epipedon of the oldest age class (1.4, 2.6, and 2.1 Mg N ha−1).

Figure 4. Soil carbon (A) and nitrogen (B) stocks in epipedon (dark grey) and endopedon (light grey)
along the Douglas fir stand chronosequence. Bars are standard errors, asterisk indicate significant
difference (*** p < 0.001) between epipedon and endopedon at each stand age (n = 6).

3.3. Foliar Nutrients

The nutrient foliar content of Fe, Al, and Mn increased as the age of the plantation increased.
Conversely, the N content of leaves decreased with increasing stand age class as seen in Table 3.
Therefore, when the elements were expressed according to the N-ratio, as shown in Table 3, the values
were slightly reduced by the age of the plantation. The Fe/N and Al/N ratios ranged from 72 to 256
and 144 to 372, respectively, as seen in Table 3.

3.4. Soil Organic Matter Properties

The soil organic matter showed a higher C:N ratio in the epipedon than in the endopedon of the
first two age classes (80 and 100 years). Conversely, similar values of 18 and 17 were registered in the
surface and deep soil horizons of the oldest age class, while a general increase in the soil C:N ratio was
registered in the epipedon of the oldest plantation (from 14 to 18), as seen in Figure 5A.

The humification index increased with an increase of non-humic substances pool, as shown in
Figure 5B, especially in the surface soil from 100- to 120-year-old plantations. Conversely, a decrease of
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humic substances was detected as a reduction of the extractable to total carbon ratio in the highest age
class (120 years), as seen in Figure 5C.

Table 3. Leaf nutrient content expressed on leaf dry mass base and with respect to nitrogen ratio. Mean
value ± standard error (n = 5).

Stand Age (years)
Al Fe Mn N Al/N Fe/N Mn/N

µg g−1 %

80 268 ± 25 120 ± 11 249 ± 31 1.6 ± 0.1 144 ± 29 72 ± 8 112 ± 27
100 354 ± 13 158 ± 12 440 ± 20 1.4 ± 0.1 222 ± 53 107 ± 28 287 ± 24
120 545 ± 32 364 ± 17 285 ± 18 1.3 ± 0.1 372 ± 38 256 ± 25 195 ± 19

3.5. Soil Enzyme Activity and Functional Diversity

An increase of the Synthetic Enzymatic Index (SEI), expressed per unit of organic carbon,
was observed in surface soil of 100 years old plantation maintaining similar values in the following age
class, as seen in Figure 6A. The functional diversity, expressed by Shannon index calculated on enzyme
activities base, seen in Figure 6B, was also significantly higher in the surface than in the deep soil and
increased with the stand age class. Moreover, the (LAP + NAG)/PHO increased in the surface soil
progressively from 80- to 120-year-old plantations, as shown in Figure 6C. Conversely, the BG/(LAP +
NAG) showed an increase along the epipedon of the chronosequence, seen in Figure 6D.

Figure 5. Soil organic matter properties in the epipedon (dark grey) and endopedon (light grey)
along the Douglas fir stand chronosequence: C:N ratio (A), humification index: non-humic (NH) to
humic carbon ratio (B), extractable to total carbon ratio (C). Bars are standard errors, asterisk indicate
significant difference (* p ≤ 0.05) between epipedon and endopedon at each stand age (n = 6).
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Figure 6. Soil biochemical properties of epipedon (dark grey) and endopedon (light grey) along the Douglas fir stand chronosequence: Synthetic Enzymatic Index
per unit of organic carbon (SEI) (A) microbial functional diversity (H′enz) (B), Leucine-amminopeptidasi + chitinase to phosphatase ratio (C), β-glucosidase to
Leucine-amminopeptidasi + chitinase ratio (D). Bars are standard errors, asterisk indicate significant difference (* p < 0.05, ** p < 0.01, *** p < 0.001) between epipedon
and endopedon at each stand age (n = 6).
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4. Discussion

A considerable change of soil organic matter accumulation was observed passing through 80- to
over 100-year-old age classes due to the clear identification of umbric horizon only in the last two age
classes (100 and 120 years). Moreover, the maximum values of soil organic carbon stocks were reached
in the epipedon and endopedon of the 120-year-old plantation (53 and 37 Mg C ha−1, respectively).
The sum of the C stocks obtained in the two soil layers was 90 Mg C ha−1, and a similar value was
obtained in a previous study conducted on Douglas fir plantations at the same elevation level in
the North Apennine [9]. Conversely, in this area an average of 99.5 ± 45.8 Mg ha−1 was registered
only in the epipedon of other forest species [26]. The C accumulation has been attributed to climatic
and biological reasons, since drought and frigid temperature usually reduce microbial activity and
organic matter mineralization. Moreover, the fraction of extractable carbon increased with the age of
plantations even if in the last age class (120 years) a decline of humic substances may occur, because
a soil nitrogen limitation was inferred from the decline of the N stock in the surface and deep soils.
Certini et al. [48] found that about 60% of SOM in the umbric epipedon of the Vallombrosa Forest
is not extractable by diluted alkali. This fraction includes both slightly decomposed organic matter
and highly polymerized humic substances. However, it has been demonstrated that the extractable
carbon has a prevalently non-humic nature [49], while molecules of high molecular weight with a
low degree of aromaticity dominate [48]. Nitrogen is the primary limiting nutrient in Douglas fir
plantations [50]. In this study, a critical gap for soil nitrogen was supposed in the over 100-year-old
plantations since at this age a reduction of soil N stock was found and changes on biochemical
indicators of nutrient unbalance were detected. Several recent studies on soil enzyme activity have
considered a wide range of ecosystem types, extending to a large range of abiotic factors [51–53]
in order to determine biochemical indicators, such as BG/(NAG + LAP) and (NAG + LAP)/PHO,
to be used to assess nutrient imbalances. In this study, both of those ratios showed similar results
in the endopedon but differences were recorded in the epipedon. In particular, in the epipedon the
BG/(LAP + NAG) ratio decreased while the (LAP + NAG)/PHO increased along the chronosequence.
Using data from a variety of ecosystems [12], the decrease of BG/(NAG + LAP) and the increase
of (NAG + LAP)/PHOS along the chronosequence suggests a N imbalance compared with C and P.
Compared with soils globally, our enzyme ratios suggest that all endopedons were N-limited with
respect to C since BG/(NAG + LAP) = 0.6 was lower than the threshold value of 1.41 reported by
Sinsabaugh et al. [12]. Conversely, the (NAG + LAP)/PHOS ratio ranging from 0.15 to 0.31 was not
higher than the threshold value of 0.41; therefore, nitrogen limitation was not observed with respect to
P. The ratio between N-scavenging enzymes to acid phosphatase may also represent a potential index
to link enzyme activity to soil development [54,55]. In this study, since the obtained results showed
no difference of N-scavenging enzymes to acid phosphatase in the deep mineral soil, the enzyme
activities did not indicate changes in soil development along the chronosequence, although they were
a sensitive indicator of nitrogen imbalance along the epipedon of the chronosequence.

In addition, an increase of soil-specific enzyme activities, expressed per unit of organic carbon,
was observed mainly in 80- to 100-year-old plantations, while the specific enzyme activity of soil in
the 120-year-old stand was similar to that of the previous age class (100 years). The enzyme activity
of mineralizing microflora, per unit of organic carbon, was probably inhibited by the organic matter
properties such as the higher C:N ratio and humification index, since a lower nitrogen availability
occurred in the oldest stand class. This result suggested a different level of potentially hydrolyzing
activity, depending on nitrogen depletions with respect to the carbon stock.

Even if coniferous litter is usually low in bases and broadleaf hardwood forests typically return to
the soil a large amount of bases [56], Douglas fir—compared with domestic coniferous species—has
lower acidifying effects on the upper soil layers and contributes to better humus forms, recycling
nutrients more effectively and producing litter which could be easily decomposed [57]. In this study,
the increase of soil pH, calcium, and base saturation from 80- to 120-year-old plantations suggests
the surface accumulation of alkaline elements. Moreover, a higher amount of pedogenic Al oxides,
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both amorphous (Alo) and well-crystalline (Ald), was found in both the epi- and endopedons of the
youngest plantation. The increase of pedogenic Al oxides along the soil profile of Douglas fir in the
youngest plantation suggests a more expressed weathering process in these soils than in the oldest
ones (100 and 120 years), an observation which is also supported by the high value of the Alo + 1/2Feo,
especially in the deep soil. In fact, in the Castanetum zone, much shorter periods are normally required
for the establishment of soil weathering than under subalpine vegetation, where the development of
Cambisols from Leptosols was observed after 120 years of soil evolution driven by vegetation [58].
Therefore, this study detected changes in the SOM accumulation and quality which probably affect
the weathering process in Douglas fir of age classes over 100 years, through a progressive increase
of epipedon thickness. Finally, according to the stand age class, the slight increase of micronutrient
content in needles suggests a positive effect of Douglas fir age on plant uptake. As regards to the foliar
element content, the optimal proportion between nutrients is similar for almost all vascular plants,
and can be defined as a nitrogen ratio [42]. In this study, the increase of element/N ratios with the
increase of plantation age suggests that the soil nitrogen limitation to plant growth does not necessarily
reduce the requirements for other nutrients.

5. Conclusions

The analysis of the nutrient pool and soil biochemical properties proved to be a useful information
to guide management decisions defining the optimum age of Douglas fir to obtain high C sequestration
and soil quality improvement in the North Apennine environment. In the specific area under study,
a general evidence was found of surface element accumulation due to Douglas fir plantations. A more
conspicuous accumulation of alkaline element with respect to Al was found according to the increase
of soil pH along the Douglas fir stand age classes. Soil organic matter deposition became sufficient for
umbric horizon definition when the Douglas fir plantation reached the age of 100 years. Over this age class,
a limitation of soil nitrogen occurred, affecting microbial functional diversity and the biogeochemical cycle
of nutrients. However, since the obtained results are referred to a specific single area for each stand age,
further investigations in more sites are required to confirm those findings.
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