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Abstract: To understand the relative importance of plant community composition and plant-induced
soil properties on N transformations, the soil N mineralization, ammonification and nitrification
characteristics of natural secondary forests (Quercus mongolica-Juglans mandshurica forest: QJF, and
Quercus mongolica-Populus davidiana forest: QPF) and the adjacent larch plantations (Larix kaempferi
forest: LF1 and LF2) were studied during the growing season. All of the forest types showed seasonal
dynamics of N mineralization rates. The total cumulative N mineralization was significantly higher
in QPF (73.51 kg hm−2) than in LF1 (65.64 kg hm−2) and LF2 (67.51 kg hm−2) (p < 0.05). The total
cumulative nitrification from May to November was significantly higher in QJF (65.16 kg hm−2) and
QPF (64.87 kg hm−2) than in LF1 (52.62 kg hm−2) and FL2 (54.17 kg hm−2) (p < 0.05). Based on
the variation partitioning, independent soil properties were the primary determinants of the N
transformations (13.5%). Independent climate conditions explained 5.6% of the variations, while plant
variations explained 3.2% of the variations in N transformations. We concluded that different
forest types with various plant community compositions have different influences on the litterfall
quantity and quality and the nutrient availability, and these differences interact with seasonal climate
conditions that in turn drive the differences in N mineralization.

Keywords: soil nitrogen mineralization; plant-soil interactions; resin core method; forest conversion;
headwater catchment

1. Introduction

Nitrogen (N) is an essential element for the growth of organisms and the productivity of
forest ecosystems [1]. In headwater catchments, soil N mineralization of organic matter plays an
important role in determining soil N availability, primary productivity and N losses from soil to stream,
thus contributing to ground water contamination and the pollution of the water environment [1–4].
Factors affecting the temporal and spatial patterns of soil N dynamics have been well documented [5–7].
Numerous previous studies and practices have shown that seasonal changes in N mineralization result
in patterns with the highest mineralization rates in the summer and the lowest rates in the winter,
which appears to follow seasonal patterns of temperature and precipitation [8–11]. Soil temperature,
moisture, and precipitation patterns are important drivers of soil N transformations, and each of these
seasonal climate conditions may have different impacts on various forest types [12]. Forest types
with varying plant communities may have different influences on the N cycle due to differences in
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the physiology, morphology, nutrient requirements, and life histories of various plant species [13–15].
There are several approaches of studying the N mineralization for different forest types, but they
generally do not consider plant community compositions and species diversity. Conversion of natural
forests to plantations often leads to considerable losses of plant species and consequently a reduction
in the diversity of litter species compositions and the amount of litter production, which affects
soil nutrient availability and N transformation [16]. Larch (Larix kaempferi) plantations are the most
widespread forests in northeastern China, but their ecological impacts receive little attention. Therefore,
understanding the mechanisms underlying the effects of natural forests converted into plantations
on N mineralization of organic matter in headwater catchments is useful for forest management and
structure regulation, and can thus help minimize N exports to aquatic ecosystems.

There are three dominant processes between plant communities and soil properties that could
explain the mechanisms underlying the effects of natural forests converted into plantations on N
mineralization of organic matter. First, changes in plant community composition could influence
soil N mineralization via affecting soil nutrient availability, e.g., total nitrogen (TN), soil organic
carbon (SOC), C:N ratio, and dissolved organic carbon (DOC), since tree species exhibit differences
in the quality of plant material and chemical compounds which significantly affect organic matter
input and decomposition. Grime (1998) found that a community dominated by plants with high
nitrogen concentrations would likely have positive effects on N mineralization rates [17]. Second,
productivity could also influence N mineralization because approximately 50–60% of plant-assimilated
N in deciduous forest is annually returned to the soil via litterfall [18]. Denton (1999) and Mikola (2000)
found that greater inputs of plant material could increase N mineralization rates because soil microbial
biomass and activity have been shown to respond to increased nitrogen and carbon resources [19,20].
Third, plant diversity could also affect N mineralization rates because a more diverse array of plant
material entering the soil through leaf litter, fine root production and root turnover could affect N
mineralization rates by providing a consistent long-term supply of organic nitrogen as the qualities of
plant material decomposed at various rates [21]. These three attributes of the interactions between
plant communities and soil processes may simultaneously affect N mineralization. Temperature
and precipitation changes are likely to influence N mineralization by altering factors like those
discussed above. For example, an increase in temperature can enhance microbial activities and
increase the rates of litter decomposition, which, as a result, can change the N mineralization rate.
Different plant community compositions have different substrate inputs, soil chemistry and microbial
activity, and such differences may contribute unequally to the soil N mineralization; therefore, the N
mineralization processes in different forest types are likely to respond differently to seasonal changes
in temperature and precipitation.

To understand the relative importance of plant community composition and plant-induced
soil property effects of forest conversion on N transformation patterns, organic N mineralization,
nitrification and ammonification were investigated in natural secondary forests and the adjacent larch
plantations in the headwater catchment of the Taizi River in China. This study aimed to (1) investigate
and compare seasonal N mineralization rates under field conditions in natural secondary forests and
the adjacent larch plantations; and (2) assess the extent to which N mineralization rates could be
explained by the plant-soil properties that are associated with plant community compositions and
seasonal climate conditions in temperature and precipitation.

2. Materials and Methods

2.1. Study Area

The Laotudingzi National Nature Reserve (124◦41′13′′–125◦05′15′′ E; 41◦11′11′′–41◦21′34′′ N) is
situated in the headwater catchment of the Taizi River in Liaoning Province, China. The area has a
temperate monsoon climate, with mean annual temperature of 6.2 ◦C and a mean annual rainfall of
778 mm, of which 60–65% falls between June and August. During the study period, the temperature
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and precipitation largely followed this long-term seasonal pattern. Due to the cold weather during the
long winter in Northeast China, soil freezing occurred from November to early April. The average
growing season is approximately 215 frost-free days. The air temperature and precipitation from
January to December 2014 was measured at a weather station close to the experimental site (Figure 1).
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The study area had been primarily covered by broadleaf Korean pine forests until the 1930s and
thereafter subjected to unregulated timber removal for decades. Massive controlled burns where used
in the early 1950s for clearing out the original forest. Since then, the study site has been progressively
covered by a naturally regenerated secondary forest. The natural secondary forests consisted of Quercus
mongolica, Juglans mandshurica, Populus davidiana, Acer mono Maxim, Phellodendron amurense, Fraxinus
mandshurica, Pinus koraiensis, Betula platyphylla and Tilia amurensis. At the beginning of the forest
succession, some patches of the natural secondary forests were cleared and replaced by 3-year-old
larch (Larix kaempferi) seedlings. The larch plantations contain Larix kaempferi, Phellodendron amurense,
Quercus mongolica, Juglans mandshurica and Fraxinus mandshurica.

In this study, two larch plantations sites (LF1 and LF2) and two natural secondary forests (QJF and
QPF) were selected. Three independently fixed 20 × 20 m plots were randomly selected at each site.
The soil is a typical brown forest soil (classified as Udalfs according to the second edition of USDA
soil taxonomy) and with depth 20 to 40 cm. Detailed data on the stands, plots and samples are given
in Table 1.

Table 1. Main characteristics of LF1, LF2, QJF and QPF stands.

Item LF1 LF2 QJF QPF

Representative plants Larix kaempferi Larix kaempferi Quercus mongolica
Juglans mandshurica

Quercus mongolica
Populus davidiana

Slope (o) 18 18 16 18
Elevation (m) 656 684 672 663
Forest age (a) 43 43 43 46

No. of tree species 3 8 12 10
Tree density (stems/hm2) 150 410 383 312

Canopy density 0.6 0.8 0.9 0.9
Diameter at breast height (cm) 24.57 ± 5.98 24.82 ± 3.74 24.53 ± 9.73 25.37 ± 8.00

Tree height (m) 20.16 ± 2.44 20.22 ± 1.53 19.00 ± 3.56 19.88 ± 3.90

2.2. Variables Assessed

2.2.1. Vegetation Survey

All individual trees ≥1 cm in diameter at breast height (DBH) were tallied and recorded by
species name, tree height, DBH and canopy density at each plot. Within each plot three sub-plots
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of 1 × 1 m were laid for herbs, and the number of species, number of individuals per species and
coverage in the three sub-plots were recorded. In each sub-plot, forest floor litter, including leaf litter,
senesced branches, and bark were collected. We divided the litter layer into two sub-layers: the L
layer (undecomposed litter, consisting of litter with clear recognizable structure lying loosely on the
forest floor surface) and the F/H layer (mixture of partly decomposed litters where plant remains are
partially decomposed by biological activity but with plant morphology still recognizable and humus
without recognizable plant structures and a fine granular morphology) [22]. After litter materials were
collected, the above and below ground parts of all herbs were harvested through destructive sampling
from these sub-plots. To account for the annual litterfall, three samples were randomly collected in
each plot every month using a 0.5 m2 litterfall traps from May to November. Then, all samples were
weighed and oven-dried at 65 ◦C to measure the dry mass and evaporated water content.

The Shannon Weaver Diversity Index was used to measure species diversity [23], and Margalef’s
Index was used to estimate species richness [24].

Shannon Weaver Diversity Index (H’):

exp(H′) =
R

∑
i=1

pi ln pi (1)

where pi = species proportion, R = total number of species types.
Margalef’s Index (MI):

MI =
(s− 1)

ln N
(2)

where S = total number of species, N = total number of individuals.
We estimated the biomass of foliage, branches, stems, roots and total tree using an allometric

equation relating each biomass component to the diameter at breast height (DBH), respectively.
This allometric equation established by Wang (2006) [25].

logB
10 = a + b(logDBH

10 ) (3)

where B is biomass component, a and b are regression coefficients. The total biomass for trees in each
plot was calculated by the biomass of total tree species in the plots.

2.2.2. Soil Sampling and Incubation

The experiment was conducted in May to November 2014 using a modified resin core technique in
situ [26–29], similar to the methods of Raison (1987) [30] and Hübner (1991) [31]. At every experimental
site, five sampling points were randomly allocated to the replication plots on the first sampling date
of 18 May. After the litter and above-ground vegetation was removed, a PVC tube (12 cm long, 5 cm
diameter) sharpened in advance was driven 10 cm into the ground to collect the soil core, which was
used to determine the initial NO3

−-N, NH4
+-N and mineral N (NH4

+-N and NO3
−-N) concentrations

and other soil properties; another identical tube was driven 12 cm into the ground to confine the soil
core, with soil structure undamaged, and then the bottom 2 cm of soil was removed, and a resin bag
with 10 g anion and cation exchange resin beads (717# and 732# produced by the Huizhi resin Plant
of Shanghai) tied into a nylon stocking was placed in the bottom of the PVC tube. The PVC tube
containing the soil core and resin was inserted back into its original position and then incubated in situ
for one month. At the end of the incubation period, the soil core and resin were removed to determine
NO3

−-N, NH4
+-N and mineral N (NH4

+-N and NO3
−-N) concentrations. This was repeated until the

experiment ended on 16 November.

2.2.3. Soil Chemical Properties

The collected tubes and soil samples were stored and extracted within 24 h. The resin bags were
washed with distilled water and air-dried. The soil samples were homogenized and sieved through
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a 2-mm screen. For the determination of the soil mineral N (NH4
+-N and NO3

−-N), the soil was
shaken with 2 M KCl for 1 h on a 250-rpm shaking table [32]. For the determination of resin NH4

+-N
and NO3

−-N, the resin bags were shaken with 2 M KCl for 12 h on a 250-rpm shaking table and,
then the suspension was filtered. The concentrations of NH4

+-N and NO3
−-N in the extracts were

determined by colorimetric methods using a segmented flow injection analyser (Skalar Autoanalyzer
SAN++, The Netherlands). The soil microbial biomass C (MBC) and soil microbial biomass N (MBN)
were determined by a chloroform fumigation-extraction method [33,34]. Extracts from the fumigated
and unfumigated soils (25 g fresh soil) were taken with 50 mL 0.5 M L−1 K2SO4 for 30 min and filtered.
The organic C and N concentrations in the extracts were measured by a dichromate oxidation method
and a K2S2O8 oxidation method, respectively. MBC and MBN were calculated from the differences in
the K2SO4-extractable C or N concentration between the fumigated and unfumigated soils divided
by the efficiency factors for MBC or MBN (KC = 0.38; KN = 0.45, respectively). K2SO4-extractable
DOC value was also used as a proxy for the soil available DOC concentration [35]. The soil samples
were air-dried and then used for analyses of the soil pH, TN and SOC. The soil pH was determined
with a glass electrode (water:soil = 2.5:1). The SOC was analysed using the H2SO4-K2Cr2O7 oxidation
rapid titration method. The TN was measured by the Kjeldahl acid-digestion method. The soil bulk
density was measured using the core method. The soil temperature was measured with a thermometer
inserted in the soil to a depth of 10 cm.

Nitrogen mineralized was calculated as follows [32]:

Nnit = [NO−3 − N]sc + [NO−3 − N]res − [NO−3 − N]in (4)

Namm = [NH+
4 − N]sc + [NH+

4 − N]res − [NH+
4 − N]in (5)

Nmin = Nnit + Namm (6)

where Nnit, Namm, and Nmin are the net nitrification, ammonification and N mineralization, respectively;
[NO3

−-N]sc and [NO3
−-N]in are the mean concentrations of nitrate N in soil core at the end and

beginning of each one month incubation period, respectively; [NH4
+-N]sc and [NH4

+-N]in are the mean
concentrations of ammonium N at the end and beginning of incubation period in soil core, respectively;
[NO3

−-N]res and [NH4
+-N]res are the mean concentrations of NH4

+-N and NO3
−-N in the resin at the

end of the incubation period.

2.3. Statistical Analysis

One way analysis of variance (ANOVA) was performed to test the significance of differences in
the forest cover characteristics and soil properties, and the least significant difference values (LSD)
were calculated at a significance level of p < 0.05. The N availability and N mineralization data were
tested using the repeated measures analysis of variance (RM-ANOVA). The forest types served as
between-subject factors, and months were within-subject factors. The Pearson correlation was used to
examine the correlations of mineralization rates with the plant community composition. All statistical
analyses were performed with SPSS 14.0 (SPSS Inc., Chicago, IL, USA).

Redundancy analysis (RDA) was used to explore the association of N transformations with
environmental properties, using the net organic N mineralization, ammonification and nitrification
rates as response variables and the environmental factors as explanatory variables. Before the actual
analyses, soil N transformations data were analysed using detrended correspondence analysis (DCA)
to determine whether linear or unimodal methods would be appropriate in the analyses [36]. As the
eigenvalue was 0.111, redundancy analysis (RDA) was applied. We split the environmental dataset
into three groups: climate, plant, and soil variables. In order to avoid high multicollinearity in the
following analytical steps we removed within-group correlations of |r| > 0.7 (Spearman, p < 0.05) by
exclusion of variables. By this procedure, selected variables as well as all uncorrelated variables were
included in the final matrices. Climate variables include precipitation and temperature; plant variables
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include biomass of foliage, stems for trees, litter mass for F+H layer, annual litterfall, H’ for tree layer
and H’ for herb layer; soil variables include SOC, DOC, MBC and soil pH. In order to assess the
contribution of the three variable groups on N transformation, the variation partitioning method led to
the identification of six fractions: independent soil (a), climate (b), plant (c), and joint effects of soil and
climate (ab), soil and plant (ac), climate and plant (ac). All multivariate analyses were performed with
CANOCO 4.5 [37].

3. Results

3.1. Seasonal Soil Mineral N

NO3
−-N, NH4

+-N and mineral N contents and dynamics are shown in Figure 2. Generally,
the NO3

−-N and mineral N contents in the QJF and QPF plots were higher than those in the LF1 and
LF2 plots, and NH4

+-N contents in the LF2 plots were higher than the QJF plots (Table 2, Figure 2).
The mean NO3

−-N contents across the month were 8.87, 7.78, 10.73 and 12.46 mg kg−1 in LF1, LF2,
QJF and QPF, respectively. The mean NH4

+-N contents for the LF1, LF2, QJF and QPF were 5.37, 5.73,
4.01 and 5.25 mg kg−1, respectively, and the mean mineral N contents were 14.1, 13.51, 14.74 and
17.71 mg kg−1, respectively. The concentrations of both mineral N and NO3

−-N displayed a distinct
seasonal pattern, with generally high concentrations in June and July and low concentrations in August
and September (Figure 2). In LF1 and LF2 the maximum soil NH4

+-N concentration occurred in May,
with a second peak value in August. In QJF and QPF, soil NH4

+-N concentration was higher in May
than other months. The ratio of NO3

−-N to NH4
+-N was approximately 1.79:1 during the growing

season, so NO3
−-N was the dominant form of mineral N.

Table 2. Summary of repeated measures ANOVA results on the nitrate N, ammonium N, mineral N,
net nitrification rate (Nnit), net ammonium rate (Namm) and net mineralization rate (Nmin).

Factor NO3
–-N NH4

+-N Mineral N Nnit Namm Nmin

Forest types 54.44 *** 30.31 ** 37.54 *** 14.57 ** 16.86 ** 4.03
Months 94.10 ** 263.11 *** 81.71 ** 56.26 ** 164.12 *** 88.80 ***

Forest types ×Months 2.35 15.65 *** 3.54 ** 1.02 10.30 *** 1.08

** p < 0.01, *** p < 0.001.
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3.2. Net N Mineralization of Organic Matter

The net nitrification rates were significantly different among the months and forest types, but were
not different in forest types × months interaction (Table 2). The net nitrification displayed strong
seasonal dynamics, with highest rate during the period from June to July and the lowest rate during
the period from October to November in LF2 plots (Table 2, Figure 3). In the LF1, QJF and QPF plots,
the highest values of net nitrification were observed in the period from May to June. Furthermore,
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the net N nitrification rates of the QJF and QPF plots were significantly higher than LF2 plots from May
to June, and the QPF plots were significantly higher than LF1 from September to October. The mean
net N nitrification rates were 8.77, 9.03, 10.86 and 10.81 mg kg−1 month−1 for LF1, LF2 QJF and
QPF, respectively.

The net ammonification rates were significantly different among the months and forest types,
and their interactions (Table 2). The net ammonification rate was significantly lower than the rates of
nitrification in all of the forest types (p < 0.01, Figure 3). In LF1, LF2 and QPF, the net N ammonification
rate significantly increased during the periods of May to August and decreased during August to
September. In QJF the net N ammonification rate significantly increased during the periods of May to
June and decreased during July to September. The mean net N ammonification rates were 2.17, 1.82,
1.13 and 1.44 mg kg−1 month−1 for LF1, LF2, QJF and QPF, respectively.

The mean net organic N mineralization rates were 10.94, 11.05, 11.25 and 12.25 mg kg−1 month−1

for LF1, LF2, QJF and QPF, respectively. The net N mineralization displayed strong seasonal dynamics;
the temporal variations in the net N mineralization rates were similar to those observed for net
nitrification, with the highest rates during the period from June to July and the lowest rates during
the period from August to September in all the plots (Figure 3). The net N mineralization rates of the
LF1, QJF and QPF plots were significantly higher than LF2 plots from May to June, and the LF2 plots
were significantly higher than QJF and QPF from July to August, and the LF2 plots were significantly
higher than LF1 from September to October.

The total cumulative nitrification from May to November was significantly higher in QJF and QPF
than in LF1 and FL2 (p < 0.05, Figure 4a). However, the total cumulative ammonification was lower in
QJF and QPF than in LF1 and FL2 (p < 0.05, Figure 4b). The total cumulative organic N mineralization
was significantly higher in QPF than in LF1 and FL2 (p < 0.05, Figure 4c), but QJF was not different
with other forest types.
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3.3. Plant and Soil Properties

Total biomass estimates of trees in LF2, QJF and QPF were statistically higher than LF1 (Table 3,
p < 0.05). The biomass recorded in leaves, branches and roots were higher in the QJF than the LF1.
The total biomass and below ground biomass for herb layer was not statistically different among forest
types (Table 3). Forest floor litter total mass and F+H layer litter mass were highest in the LF2 (p < 0.05),
and litter mass in L layer was not statistically different among forest types (Table 3). Annual litterfall
mass was higher in the QJF and QPF than the LF1 and LF2 (Table 3, p < 0.05). The H’ and MI were
higher in the QJF and QPF than the LF1 and LF2 for tree layer. In herb layer the H’ and MI were
higher in QPF than other forest types (Table 3, p < 0.05). The concentrations of SOC were higher
in the QJF than the LF2 (Table 4, p < 0.05). The concentrations of TN were higher in the QPF than
the LF2 (p < 0.05). The MBC concentrations were higher in QPF and QJF than LF1 and LF2 (Table 4,
p < 0.05). The MBC:MBN ratios were higher in QJF than in LF1 and LF2 (Table 4, p < 0.05). The MBN
concentrations, C:N ratio, DOC and pH were not statistically different among forest types.

Table 3. Vegetation properties in different forest types (means ± SE, n = 3).

Item LF1 LF2 QJF QPF

Biomass for tree (t/hm2)
Foliage 0.71 ± 0.07c 2.31 ± 0.43b 3.05 ± 0.88a 1.96 ± 0.23b

Branches 4.87 ± 0.60b 16.28 ± 3.31ab 34.30 ± 18.5a 15.10 ± 2.55ab
Stems 31.20 ± 1.27c 90.66 ± 8.67a 83.43 ± 25.88ab 75.70 ± 10.52b
Roots 7.29 ± 0.39c 21.79 ± 2.69ab 25.20 ± 7.87a 18.24 ± 2.32b
Total 44.06 ± 2.33c 131.03 + 15.04a 145.98 ± 51.57a 111.01 ± 15.29b

Biomass for herb (t/hm2)
Above ground 0.93 ± 0.57c 1.57 ± 0.21a 1.11 ± 0.47b 0.96 ± 0.39c
Below ground 1.81 ± 0.49a 2.36 ± 0.59a 2.80 ± 1.04a 2.27 ± 0.75a

total 2.75 ± 1.06a 3.93 ± 0.66a 3.91 ± 1.46a 3.23 ± 0.99a
Forest floor litter mass (t/hm2)

L layer 0.82 ± 0.16a 0.87 ± 0.14a 0.77 ± 0.18a 0.74 ± 0.23a
F+H layer 3.73 ± 1.62b 4.46 ± 0.92a 2.64 ± 0.50b 2.42 ± 0.42b

Total 4.53 ± 1.76b 5.33 ± 1.05a 3.14 ± 0.63b 3.61 ± 0.64b
Annual litterfall mass (kg/hm2)

30.67 ± 1.53c 44.64 ± 9.16b 61.33 ± 10.21a 62.13 ± 2.64a
H’ and MI for tree layer

H’ 0.42 ± 0.07d 0.89 ± 0.20c 1.31 ± 0.03b 2.16 ± 0.25a
MI 0.53 ± 0.07b 0.63 ± 0.27b 1.72 ± 0.24a 1.76 ± 0.18a

H’ and MI for herb layer
H’ 2.28 ± 0.13b 2.07 ± 0.21b 1.99 ± 0.29b 2.89 ± 0.54a
MI 4.11 ± 0.38ab 4.04 ± 0.96b 3.9 ± 0.53b 4.93 ± 0.42a

Different letters indicate significant differences among forest types (adjusted p < 0.05).

Table 4. Mean soil properties from May to November in different forest types (means ± SE, n = 21).

Item LF1 LF2 QJF QPF

SOC (g/kg dry soil) 60.69 ± 6.97ab 59.17 ± 11.94b 66.52 ± 9.04a 63.22 ± 5.24ab
TN (g/kg dry soil) 4.99 ± 0.70ab 4.46 ± 1.02b 4.90 ± 1.57ab 5.26 ± 0.85a

C: N 12.47 ± 2.91a 10.35 ± 5.42a 10.40 ± 5.33a 12.27 ± 1.94a
MBC (mg/kg dry soil) 403.79 ± 13.33b 406.81 ± 27.18b 539.28 ± 47.51a 543.83 ± 15.99a
MBN (mg/kg dry soil) 167.66 ± 38.29a 169.62 ± 38.80a 176.52 ± 40.51a 183.30 ± 30.83a

MBC: MBN 2.54 ± 0.63b 2.51 ± 0.52b 3.15 ± 0.90a 2.97 ± 0.66ab
DOC (mg/kg dry soil) 129.24 ± 23.05a 138.07 ± 50.85a 128.89 ± 43.84a 135.15 ± 40.89a

Soil pH 6.39 ± 0.24a 6.37 ± 0.24a 6.67 ± 0.03a 6.41 ± 0.31a

Different letters indicate significant differences among forest types (adjusted p < 0.05).
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3.4. Relationship of Soil Organic N Mineralization, Ammonification and Nitrification to Climate, Plant and
Soil Variables

3.4.1. Precipitation and Temperature Effects on Net Organic N Mineralization and Nitrification Rates

The net organic N mineralization and nitrification rates in all of the forest types were positively
correlated with the precipitation (Figure 5a,c). The net nitrification rates were significantly and
positively correlated with precipitation (Figure 5a, p < 0.01). In addition, the nitrification rates were
positively and significantly correlated with the soil temperature in the LF2 (p < 0.01), but not in the LF1,
QJF and QPF (Figure 5b). The mineralization rates were significantly and positively correlated with
precipitation (Figure 5c, p < 0.01). In contrast, the mineralization rates were not significantly correlated
with the soil temperature in any forest (Figure 5d).
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3.4.2. Correlations between Soil Properties and Organic N Mineralization, Ammonification and Nitrification

The soil net nitrification rate was significantly and positively correlated with the concentrations
of MBC (R = 0.59, p < 0.01), and negatively correlated with soil pH (Figure 6d, R = −0.71, p < 0.01).
There was an increasing trend in soil net nitrification rate with SOC (R = 0.41, p < 0.01) and DOC
(R = 0.42, p < 0.01) (Figure 6a–d). There was no correlation between the soil net nitrification rate and
the TN, MBN and C: N ratio (data not shown). The soil net mineralization rate was significantly
and positively correlated with the MBC (Figure 6e, R = 0.51, p < 0.01). The soil net organic
mineralization rate was significantly and negatively correlated with soil pH (Figure 6g, R = −0.62,
p < 0.01). There was no correlation between the soil net N mineralization and the SOC, TN, MBN and
C:N ratio (data not shown).
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Figure 6. Correlations between net nitrification rates to SOC (a), MBC (b), DOC (c), and pH (d),
and correlations between net N mineralization rates to MBC (e), DOC (f), and pH (g); the SOC, TN,
MBC, DOC and MBC were determined in the beginning of each one-month incubation period, and the
data represent the whole experimental period (from May to November) among forest types (n = 72).

3.4.3. Relationship between Vegetation Parameters and N Mineralization of Organic Matter

The Pearson correlation was conducted to estimate the relationship between the vegetation
parameters and N mineralization of organic matter (Table 5). The results show that soil net nitrification
was positively correlated with annual litterfall mass (p < 0.01), total foliage biomass (p < 0.05),
branches biomass (p < 0.05), root biomass (p < 0.01), H’ (p < 0.01) and MI (p < 0.01) for tree layer.
Net ammonification was negatively correlated with annual litterfall mass (p < 0.01), total foliage
biomass (p < 0.05), branches biomass (p < 0.05), H’ (p < 0.05) and MI (p < 0.01) for tree layer. Net organic
N mineralization was positively correlated with annual litterfall mass (p < 0.01), total foliage biomass
(p < 0.05), H’ (p < 0.01) and MI (p < 0.01) for tree layer and H’ for herb layer (p < 0.05).

Table 5. Pearson’s correlation coefficients (r) between plant variables and soil N mineralization (n = 12).

Item Above
Ground

Below
Ground L F + H Annual

Literfall Foliage Branches Stems Roots H’tree MItree H’herb MIherb

Nnit −0.09 0.53 0.20 −0.32 0.88 ** 0.68 * 0.60 * 0.55 0.63 ** 0.79 ** 0.89 ** 0.27 0.42
Namm 0.26 −0.31 0.15 0.51 −0.79 ** −0.61 * −0.59 * −0.38 −0.52 −0.65 * −0.87 * 0.10 −0.17
Nmin −0.02 0.57 0.41 −0.14 0.74 ** 0.55 * 0.46 0.51 0.53 0.71 ** 0.72 ** 0.52 * 0.53

* p < 0.05, ** p < 0.01.

3.5. Multivariate Analysis (Redundancy Analysis)

To investigate possible relationships between N mineralization of organic matter and
environmental variables across forest types and seasons, we performed a Redundancy Analysis
(RDA), including organic N mineralization, ammonification, nitrification rates, and the relative climate,
plant, and soil variables (Figure 7). A total of 57.6% of variations in seasonal net N mineralization,
ammonification, nitrification rates were explained by 13 selected environmental variables. The first
two RDA axes explained 49.9% and 7.7% of data variations. Soil nitrification rates were affected by the
temperature, precipitation, MBC, H’ for tree layer, annual litterfall, total litterfall mass of F + H layer,
total foliage and roots biomass for trees, DOC and SOC. Soil N mineralization rates were affected by
the temperature, precipitation, MBC and DOC concentration and soil pH. Soil ammonification rates
were affected by the total litterfall mass of F + H layer and pH.
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Figure 7. Redundancy analysis using net N transformations data as response variables and climate,
plant and soil properties as explanatory variables.

3.6. Variation Partitioning

In order to characterize the relative importance of the broad factors of classification to the soil
N mineralization of organic matter in different forest types, variation partitioning was computed
independently using climate, soil properties and plant parameters as predictor variables (Figure 8).
Results from RDA showed that variables could explain 57.6% of variability in soil N mineralization of
organic matter. Both the independent soil (a) and total soil variables (a + ab + ac) accounted for the
largest contribution to the variations in soil N mineralization (13.5% and 48.8%), while the independent
climatic (b) and total climatic (b + ab + bc) variables were of secondary importance (5.6% and 41.4%).
We found 35.8% shared variations of N mineralization explained by soil and/or climatic variables
(Figure 7). However, the plant and soil had a negative shared variation of joint fractions (−0.4%).
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plant, respectively.
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4. Discussion

The ranges of net N mineralization of organic matter were different among forest types. Here all
of the forest types in this study are considered similar in community structure and historical soil
conditions. As such, differences in present soil N mineralization patterns may reflect the impacts
of the shifts in plant species composition and plant-induced soil properties on N transformation
processes [38,39]. Our results indicate that there were considerable variations among forest types in the
plant diversity for tree layer, annual litterfall mass, biomass recorded in leaves, branches, stems and
roots, and aboveground biomass for herbs. Surface soil properties were also different among forest
types in SOC, TN, MBC and MBC: MBN ratio. We suggest that shifts in plant species composition and
resulting plant diversity, forest biomass and soil properties are the most probable explanations for the
soil N mineralization patterns of natural secondary forest converted into larch plantations.

4.1. The Effects of Plant on N Mineralization

Our results showed that the two natural secondary forests had higher levels of soil nitrification
rates than the two larch plantations, while, net ammonification rates were lower in natural secondary
forests than in larch plantations, which could be attributed to the following reasons. Firstly, changes of
tree species composition could influence the qualities of litterfall, which may significantly alter the
available soil nutrients. Previous work has shown that coniferous tree species typically provide a lower
quality of litter material (lower N contents and higher C:N ratio) and a slower litter decomposition,
which contribute to a poor soil nutrient level [16,40], and consequently reduced the rate of N
cycling [41]. In our study sites, the annual litterfall mass were lower in LF1 and LF2 than QJF
and QPF, but the forest floor litter mass was not lower, which indicated the litter decomposition rate
was slower in in LF1 and LF2 than QJF and QPF. Secondly, conversion of natural secondary forests
to plantations could affect forest biomass productions, which influence the quantities of litterfall.
Koutika (2014) found that the higher biomass production may increase soil nitrogen through an
enhanced production of litter [42]. In our study, the biomass amounts recorded in leaves, branches,
and roots were significantly higher in QJF than LF1 and LF2, thus the annual litterfall mass was
higher in QJF than in LF1 and LF2. Our result also indicated soil N mineralization and nitrification
rates were positively correlated with the foliage biomass, and the annual litterfall mass. These results
suggested that the relatively lower quantities and qualities of litter and slower litter decomposition
of larch plantations made N mineralization and nitrification rates decrease after conversion from
natural secondary forests. Thirdly, N transformations could also be affected by plant diversity. It has
been suggested a more diverse array of plant compositions entering the soil through leaf litterfall
could enhance nitrification rates by providing a consistent long-term supply of organic nitrogen as the
different qualities of plant material break down at different rates over time. In our study, nitrification
rate was positively correlated with plant diversity and richness of tree layer. These results are consistent
with previous studies [21,43,44] which also detected a positive plant diversity effect on nitrification.

4.2. The Effects of Soil Properties on N Mineralization

As expected, soil properties were closely correlated with soil organic matter mineralization.
Previous studies have shown that soils with high nutrient availabilities could have high N
mineralization rates [45,46]. As a biological process, soil N mineralization of organic matter is
mainly determined by substrate availabilities and microbial activities [47,48]. We observed the net N
mineralization and nitrification rate was positively correlated with MBC, and there was an increasing
trend in soil net nitrification rate with SOC and DOC. Soil C and N pools provide available substrates
and energy to stimulate microbial activity and which increase the N mineralization rates [39,49].
In our study, MBC concentrations were significantly higher in the QJF and QPF than the LF1 and LF2,
the SOC concentrations were significantly higher in the QJF than LF2, TN were significantly higher
in the QPF than LF2, consequently, the nitrification was higher in the QJF and QPF than the LF1 and
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LF2, the cumulative mineralization was higher in QPF than the LF1 and LF2. Some studies have
shown that soil pH is an important factor of soil N mineralization during conversion of broad-leaved
forests to coniferous forests. Plantations with coniferous species can produce acidic leaf litters and root
exudation of H+, which in turn lower soil pH and affect micro-fungi activities [50,51]. In our study,
soil pH was negatively correlated with net N mineralization and nitrification rate, however, soil pH
was not significantly different among forest types, which indicted factors other than pH might have
restricted soil N transformation. In this study, we considered the substrate availabilities and microbial
activities to be the important factor for N mineralization in organic matter during the forest conversion
of natural secondary forests to larch plantations.

4.3. Seasonality Effects on Soil N Transformation Patterns

Seasonal dynamics of temperature and precipitation played an important role in controlling N
transformations [11,52]. The present study showed that net nitrification and N mineralization rates
were higher from June to July and lower from August to September, whereas the net ammonification
rates were higher from July to August and lower from May to June, which can be explained by the
seasonal dynamics of temperature and water availability. Soil N mineralization involved biological
processes that are moisture and temperature dependent [11,53]. The seasonal changes of temperature
and moisture directly control soil microbial activity, which directly influences soil N transformations.
In our study, the regression analysis showed that the rates of N mineralization and nitrification had a
significantly positive relationship with the precipitation for each forest, while a significant relationship
between the net N nitrification and temperature was only found in the LF2. The relationships
between the N mineralization rate and precipitation were much stronger than those between the
N mineralization rate and temperature, suggesting that precipitation had the major effect on the net N
mineralization and nitrification rates in our research region.

4.4. Interaction of Climate, Plant and Soil Variables on N Transformation

In this study, we found a dominant effect of soil properties on N transformations (48.8%).
This result is consistent with those of previous studies [10]. Interestingly, the plant variations explained
a relatively small fraction in N transformation (2.8%), and the plant and soil had a negative shared
variation. This indicated that the interaction effect of plant and soil on N transformation was larger
than the summation of independent soil and plant variables. This result can be explained by taking
into consideration previous studies wherein plant variables have significant effects on soil properties
and which were simultaneously influenced by soil properties, indicating that plant and soil have
mutual promoted effects [54]. Climate was also a strong predictor variable of N transformation [8,9].
Many other studies found temperature and precipitation to be the main constraining factors for
N transformation [10,11]. In our study, the climate accounted for the secondary contribution to the
variations in N mineralization. Overall, these three variations should not be considered mutually
exclusive; we may expect each to contribute to the explanation of the potential effects of seasonal
dynamics in N mineralization of natural secondary forest converted into larch plantations. In northeast
China, plantation/secondary forest landscapes account for the largest proportion of forest areas,
and this kind of plantation has been progressively increased throughout the nation. However, we
did not study the latitude and longitude, and global climate change effect on N transformation due
to limited study sites. Therefore, it is necessary to make a further study on plantation/secondary
forest soil N mineralization with a wider study area including latitudinal and longitudinal differences,
and varied climatic regions.

5. Conclusions

Our study compared seasonal dynamics of soil N mineralization of organic matter between
the natural secondary forests and larch plantations and assessed which could be explained by the
plant-soil properties that were associated with forest conversion and seasonal climate conditions.
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We demonstrated that plant diversity, litterfall quantity and quality and the soil nutrient availability
varied considerably during the forest conversion, which made N mineralization different between the
natural forests and plantations. Soil properties were the primary determinant of the N mineralization,
and climate conditions also contributed to N mineralization significantly, whereas plant variations
were a tertiary contribution to N mineralization. Our results indicated that the larch plantations
reduced plant diversity, litter quantity and quality and soil fertility as well as N transformation rate.
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