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Abstract: Unguided exploitation has impaired the sustainability of natural resources of agronomic
non-wood forest plants from understory boglands in boreal forests. The extreme consequences of
plant–soil interplay on medicinal plant communities under continuous interruptions need to be
understood to implement strategies which can cope with possible ecological degradation. In this
study, co-existing Ledum palustre and Vaccinium uliginosum communities were investigated after a four-
year interruption of continuous removal of dominant species in stands at Xing’an Mountain. Nitrogen
(N) availability was assessed by above-ground biomass and N content in nondominant plants and
the biophysiological properties of rhizosphere soil. The removal treatment promoted soil mineral and
organic N contents, but also reduced abundances of the soil communities of Rozellomycota phylum
(by 82.76%), ericoid mycorrhiza of Meliniomyces varia (by 81.60%) and Phialocephala fort (by 69.54%).
Vaccinium uliginosum overcame L. palustre through higher N utilization (biomass/%N) although the
latter had higher abundances of soil Odiodendron maius and P. fort. The microbial community attributes
accounted for a large proportion of N availability following the removal of dominance. In conclusion,
our study demonstrates that understory agronomic plants in northern boglands should no longer
be under continuous exploitation. Strategies should be considered to improve the promotion of N
uptake by managing local soil microbial communities.

Keywords: anthropogenic interruption; Ledum palustre; Vaccinium uliginosum; nitrogen utilization;
soil microbial community

1. Introduction

Forests are a nature-based solution to global climate change, which is depriving the
use of parts of obligate forests for timber production. This increases the dependences
and incomes of millions of households on non-wood forest products (NWFPs). The Food
and Agriculture Organization of the United Nations (FAO) defined NWFPs as “goods
of biological origin other than wood derived from forests and other wooded land and
trees outside forests” [1]. A general list of NWFPs includes raw materials for large-scale
industrial processing of food, food additives, fibers, resins, gums, medicines, cosmetics, and
handicrafts [2]. Significant efforts to study policies and strategies that encourage NWFP
development in regions with bans on forest timber harvest are underway [3,4].
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Banned logging is a major factor that encourages economic dependence on trading
NWFPs, such as cases in regions of northeast Thailand [5], the Pacific Northwest [6], and
forested lands in the Philippines [7]. In northeast China, natural forests were heavily ex-
ploited in the 1990s, with the intention of being reversed by the Natural Forest Conservation
Program (NFCP) by 1998 through bans on commercial logging [8,9]. The performance of
NFCP also contributed to the formation of sustainable forestry economies in northeast
China moving from dependence on state-owned forestry enterprises to that on household
livelihoods [10]. The sale of NWFPs has been a major source of income for local forestry
households. The sustainable management of natural resources of NWFPs is a major issue
of concern not only in northeast China but also in other forest regions with bans on logging.

Vaccinium uliginosum L. (bog bilberry) is an endemic berry that inhabits wet acidic
soils in heathland, moorland, tundra, and peatland at the understory layer [11,12]. It is a
typical NWFP species that contributes to a significant part of household livelihood through
berry products in the northeastern forests of China [12]. Abundant anthocyanin content
and the diverse composition of its berries are the major factors of value for merchants of
northeastern forest resources [13]. Natural habitats of V. uliginosum support an annual
yield of 0.6 million metric tons of berries using an area of 3.5 million hectares in forests of
northeast China, accounting for ~15% of nationwide berry cultivation areas up to 2019 [14].
In understory bogs of boreal forests subjected to cold temperate climates, V. uliginosum
usually co-exists with Ledum palustre L. in communities that dominate the understory
communities [15,16]. Ledum palustre is a fragrant evergreen shrub dwelling in peat soils
in northern Europe, Asia, and North America [17]. Since the 18th century, L. palustre
has been used as an ethnomedicine to treat ailments [18,19]. Both V. uliginosum and L.
palustre were exploited as NWFPs from their original habitats, but neither were derived
and grown using planned management. Global warming is modifying soil carbon (C) and
nitrogen (N) cycling and increasing wildfires which modify their communities [11,15,20].
These factors resulted in the over-consumption of natural reserves that threatened the
development of current communities near the endangered red-line [15,21]. Permafrost
thaw increases the understory soil hydrology of peat bogs where communities with these
two plants exist [22]. This is driving the ecological degradation of bogland communities,
which is further strengthened by anthropogenic activities [20,23,24]. It is necessary to
ascertain strategies to cope with the ongoing degradation of these understory communities.
The lack of sufficient understanding of stand characteristics generates uncertainties in
making strategies.

Habitats of co-existing V. uliginosum and L. palustre communities are mostly concen-
trated in boreal forests [12,25–27] where soils are apt to suffer low N availability caused by
permafrost [16]. Nitrogen is a key element that is heavily needed by NWFP plants [28–30]
and their co-existing communities [31–34]. Frozen soils restrict both root proliferation
and N uptake through a combination of cold and drought stresses [35–37]. Local shrubs
have to acclimate to low N [11,25], which will be reversed by climate warming and cause
ecosystem degradation [23]. Warming can directly promote permafrost melting, converting
forests to boglands accordingly. Litters decompose on soils with high efficiency and an
increment of active layer depth, during which soil N compounds are mobilized to higher
availabilities [11,16,23]. Wildfires occur at a higher frequency under climate warming and
fire can also promote N uptake efficiency in V. uliginosum [38]. Nitrogen utilization is a key
parameter used to assess the ability of assimilation and the absorption of N by juvenile
plants in understory layers [39–45]. To the best of our knowledge, N utilization has not been
well revealed in co-existing V. uliginosum and L. palustre communities that are subjected to
intensive interruptions.

When an ecosystem has become prone to being interrupted by anthropogenic activities,
the objective communities may lose their ecological niche and functions if the interruption
is continuous [46]. Climate warming is reshaping the ecosystem structure of understory
in boreal bogland, which may be strengthened by anthropogenic activities and develop
into deeper ecological degradation. Therefore, it is a common approach to remove the
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objective plants from ecosystems exposed to interruption and assess the consequences
compared to a reference without any removal treatment [47,48]. Xing’an Mountain is an
ecological barrier in northeast China, where permafrost has decreased by 35–37% since the
1970s [24]. In this study, co-existing V. uliginosum and L. palustre communities were studied
in the natural understory ecosystems of Xing’an Mountain in northeast China. Stands were
chosen with either species as the community’s dominant species which underwent the
treatment of dominant species removal. Our goal was to assess N utilization and stand
characteristics that impact N uptake in communities which had their dominant species
removed. We hypothesized that: (i) communities dominated by V. uliginosum vs. L. palustre
would not result in a difference in N utilization, (ii) which will be reduced by the removal
of dominant species.

2. Materials and Methods
2.1. Study Site and Condition

This study was conducted in two stands at Xing’an Mountain of the Heilongjiang
province in northeast China. One stand was set in Hanjiayuan Forest Farm in the Great
Khingan region (52◦04′48” N, 125◦22′30” E) (elevation: 376 m), with the other in Xinqing
Forest Farm in the Lesser Khingan region (48◦21′12” N, 129◦36′23” E) (elevation: 351 m).
Undergrowth marsh fields were chosen as stands to investigate peatlands forested by Abies
nephrolepis (Trautv. ex Maxim.) Maxim., Betula platyphylla Sukaczev, Larix gmelinii (Rupr.)
Rupr., Pinus koraiensis Siebold and Zucc., and deciduous broadleaf mixed species [49].
Vegetations distributed on the moss layer were dominated by a combination of co-existing
V. uliginosum and L. palustre forming a richness of 80–90%. The remaining herbs mainly
included species of Eriophorum vaginatum L., Carex schmidtii Meinsh, and Juncus effusus L.
Other co-existing shrubs included Chamaedaphne calyculata (L.) Moench, Duschekia fruticosa,
and Betula nana.

2.2. Study Placement and Design

To predict the extreme consequence of vegetative communities subjected to interrup-
tion, plants of dominant species were removed from objective communities. The dominant
species with the highest abundance was removed in two stand locations. Either V. uligi-
nosum or L. palustre was chosen as the dominant species of the understory communities as
soon as the abundance was found to be higher than 50%, leaving the other at 30–40%. A to-
tal of 12 understory communities were chosen with six dominated by V. uliginosum and the
other six by L. palustre. Six communities were targeted in the stand at Great Khingan with
three dominated by V. uliginosum and the other three by L. palustre. Similar communities
with the same dominant species were repeated in another stand at Lesser Khingan. Every
community was outlined by global positioning system (GPS) signal tracking and regions
were mapped to facilitate plot placement. Within the central area of each community, two
plots were set with each being 100 m × 100 m. A total of 15 sub-plots (2 m × 2 m) were
randomly placed therein. Any two randomly adjacent plots were separated by a distance
of at least 100 m to avoid interactions. One plot received the treatment of removing the
dominant species (V. uliginosum or L. palustre) and the other received no interruption and
was taken as the control. Therefore, two factors were involved in this study: one was of
the dominant species (V. uliginosum vs. L. palustre) and the other was the interruption of
treatment (removal vs. control). Every basic unit of treatment was replicated in six plots
with each combination of species (V. uliginosum vs. L. palustre) and interruption treatment
(removal vs. control). The removal treatment began during the summertime of 2013 and
removals were repeated every June for four years.

The removal treatment was implemented by mowing all the above-growing organs of
objective species in sub-plots. To avoid horizontal influence, all sub-plots were sheltered by
nylon screens since the first mow. Shelters were torn down every year before the annual
removal treatment and then were reconstructed after the plants were mowed. Shelters were
fixed to a height of about 1.5 m which prevented weed competition from above-ground
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organs (woody stems, newly growing branches, twigs, flowers, and fruits) while allowing
for airflow and organisms and insects in the air.

2.3. Field Sampling

Removal treatments were done every June from 2013 to 2017. One month after the
last removal treatment was employed in 2017, plots were investigated at the sub-plot level
where sampling was applied to co-existing populations. Three individuals of dominant
plant species were randomly targeted in sub-plots to confirm the locations for soil sampling.
The above-ground organs of the co-existing species (not the dominant one) were harvested
with rhizosphere soils sampled in a volume of 5.5 cm in diameter and 15 cm in depth. An
auger was used to collect soil samples for measuring bulk density (BD) 10–15 cm beneath
the surface. Roots and rocks were picked and excluded from moist soils which were sieved
through a 2 mm mesh and homogenized to a mixture of samples collected from 15 sub-plots.
Soil samples were moved to the laboratory on ice (0–4 ◦C) within 48 h and divided into
two halves per plot. One half of the soils were placed on paper and air-dried to measure
physicochemical properties and phenolic acid. The other half was stored in an ultra-cold
storage freezer at −80 ◦C until the microbial community’s attributes were determined.

After plant and soil sampling, two polyvinyl chloride (PVC) tubes (15 cm length
and 5 cm inner diameter) were inserted into soils around targeted plants in all sub-plots
to the depth of 15 cm. One tube was immediately excavated, and soils were moved to
sampling bags until transportation to the laboratory. The other tube was sealed using a
plastic cap and incubated for 130 d [50]. Post-incubation tubes were excavated from soils
and soils were also moved to the laboratory in sampling bags.

2.4. Chemical Analysis

Soils underwent chemical analysis to determine the parameter contents of boglands
studied in the current literature [23–25,38]. Air-dried soil samples were mixed in distilled
water in a proportion of 1:2 (v/v) and measured for pH value. The soil content of total
phenol compounds was determined by an ultraviolet spectrophotometer methodology [51].
A soil sample of 20 g was dissolved in 1000 mL distilled water and shaken for 20 h. Samples
were filtered, then solutions were concentrated at 2000 rpm and received drips of nitric
acid until the pH was lowered to 2.0. Diethyl-ether was used for extraction three times and
residues were dissolved in 10 mL of 99% ethanol. Tannic acid was used as the standard
reagent to quantify phenol compounds. Soil organic carbon (SOC) was determined by the
dichromate oxidation method with the quantification using ferrous ammonium sulfate
titration [52].

Soil soluble nitrogen (N) was extracted using 5 g of air-dried sample in 50 mL of
2 M KCl after being shaken for 1 h. Mineral N was calculated as the sum of ammonium-N
and nitrate-N, which were determined using the flow injection system (Lachat Instrument,
Hach Inc., Loveland, CO, USA). Soil N mineralization rate was calculated as the difference
of mineral N concentration in PVC tubes at two times in situ. One time was on the day
when tubes were inserted into soils and the following time was within 130 days [50].
Soil organic N (SON) was calculated as total soluble N minus mineral N. Soil total N
(including both organic and inorganic) was digested using 0.2 g of air-dried sample in 5 mL
sulfuric acid with hydrogen peroxide additives. Total N content in soils was determined by
Kjeldahl’s method [53]. Soil total phosphorus (P) and potassium (K) contents were extracted
by digesting soils with perchloric acid and determined by inductively coupled plasma
spectroscopy (Model-Thermo iCAP6000 Series, ThermoFisher Scientific-China Branch,
Shanghai, China). Soil microbial biomass C (MBC) and N (MBN) contents were determined
by the chloroform-fumigation extraction method [54], wherein the coefficient of Kc was
calculated as 0.38 [55].

Plant samples were dried in an oven at 70 ◦C for 72 h then dry weight was measured.
Total N content was determined using smashed plant samples with the same Kjeldahl
method as described for the soil samples above. The ectomycorrhizal colonization rate was
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measured by the method of Phillips and Hayman [56]. The plants’ fine roots were soaked in
10% (w/w) potassium hydroxide at 60 ◦C for 20 h, rinsed using distilled water, and cleaned
using 1% (v/v) hydrochloric acid. Roots were stained using Trypan Blue and divided into
segments at a length of 0.5 cm. Stained roots were examined at 100×magnification and the
total percent of root tips from colonized segments was counted.

Soil microbial DNA was extracted from 0.5 g of fresh soil samples and determined
using Fast DNA® Spin Kit (Soil-use Series, MP Biomedicals, Cleveland, OH, USA). Ob-
served DNA fractions were dissolved in diethylstilbestrol buffers. Information about
the total soil microbial DNA was determined using 1% agarose (w/w) in electrophoreses.
DNA concentration was measured using RNA analyzer (NanoDrop 2000, ThermoScientific
China-Branch, Shanghai, China). DNA samples were preserved at −20 ◦C until analysis
of real-time quantitative PCR using the IQ-V Real-time PCR monitoring system (Bio-Rad
Laboratories GmbH, Feldkirchen, Germany) which was implemented by Shenggong Biol-
ogy Inc. (Shanghai, China). Extracted DNA was amplified using ITS1F/ITS4 primers [57].
The Primer Premier ver. 5.0 software was used to construct specific PCR primers [58].
More details about primer sequences for real-time quantitative PCR of fungi are shown in
Table S1.

Ericoid mycorrhizal fungi were identified as species of Meliniomyces variabilis [59],
Oidiodendron maius [60], and Phialocephala fortinii [61] due to their functions in promoting N
uptake. Their abundances were quantified as potential drivers to detect their associations
with plant variables and N utilization.

2.5. Parameter Calculation and Statistics

The soil C/N ratio was calculated as the SOC divided by SON [62]. Plant N uti-
lization (NUI) was assessed using a method modified from previous studies on juvenile
plants [40,63,64]:

NUI =
DM
%N

(1)

where DM is the weight of dry mass in aboveground organs and %N is the percent of total
N content in aboveground organs. Data were analyzed by SPSS ver. 19.0 (SPSS Institute,
Chicago, USA) following a factorial design. Dominant species was one factor with two
levels (V. uliginosum vs. L. palustre), and the interruption treatment (removal vs. control or
co-exist) was the other. Each factor was replicated six times as repeated values from plots.
Analysis of variance (ANOVA) was used to detect the effects of combined factors on plant
and soil parameters. When a significant effect was detected, results were compared with a
Tukey test (α = 0.05). Vector diagnosis was used to analyze the nomographic relationships
among plant biomass, N content, and N concentration between interruption treatments
or communities [65]. Pearson correlation was used to analyze the relationship between
ericoid mycorrhiza microbial abundance and plant parameters. Finally, all plant and soil
parameters were analyzed in principle component (PC) sectionalization.

3. Results
3.1. Soil Chemicophysical Properties

Soil bulk density was not affected by the interactive effects of dominant species and
removal interruption (Table 1). Communities dominated by L. palustre had a higher BD
(mean ± standard error, the same below; 32.45 ± 4.02 g cm−3) than those by V. uliginosum
(29.60 ± 4.08 g cm−3) (Table 2). The interruption treatment also induced significant effects
on BD, which was higher in plots with dominant species removal (34.80 ± 2.00 g cm−3)
relative to the control (27.25 ± 2.83 g cm−3).
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Table 1. Analysis of variance (ANOVA) effect of dominant (D) species (Ledum palustre vs. Vaccinium
uliginosum) of understory communities, interruption (I) treatment of removing dominant species, and
their interaction (D × I) on soil properties in forests of northeast China.

Soil Parameter
Source of Variance

Dominant Interruption D × I

F Value p Value F Value p Value F Value p Value

Bulk density 8.07 1 0.0101 56.54 <0.0001 0.04 0.8344
pH 6.47 0.0193 2.05 0.1675 7.22 0.0142

Phenol content 1.95 0.1775 22.34 0.0001 3.44 0.0786
SOC 2 33.05 <0.0001 18.82 0.0003 6.45 0.0195
SON 3 50.36 <0.0001 204.74 <0.0001 9.51 0.0059

C/N ratio 4 16.70 0.0006 25.04 <0.0001 4.61 0.0442
Microbial biomass C 96.09 <0.0001 53.88 <0.0001 7.59 0.0122
Microbial biomass N 2.11 0.1621 83.62 <0.0001 4.48 0.0470

N mineralization 120.02 <0.0001 76.01 <0.0001 8.16 0.0098
Ammonium N 34.92 <0.0001 92.69 <0.0001 2.72 0.1150

Nitrate N 5.76 0.0260 13.84 0.0010 7.71 0.0120
Total N content 8.07 0.0101 56.54 <0.0001 0.04 0.8344
Total P content 0.37 0.5516 2.52 0.1278 1.51 0.2341
Total K content 1.50 0.2347 0.01 0.9262 2.09 0.1634

Note: 1 Bold values indicate significant effect; 2 SOC, soil organic carbon content; 3 SON, soil organic nitrogen
content; 4 C/N ratio, ratio of soil organic carbon content to organic nitrogen content.

Table 2. Effects of combined dominant species (Ledum palustre vs. Vaccinium uliginosum) of understory
communities and the interruption of removal on soil properties in forests of northeast China.

Soil Property Ledum palustre Vaccinium uliginosum

Co-Exist Removal Co-Exist Removal

Bulk density (g cm−3) 28.79 ± 2.47 a 1 36.12 ± 2.26 a 25.72 ± 2.85 a 33.48 ± 0.93 a
pH 4.47 ± 0.19 a 3.99 ± 0.44 b 4.45 ± 0.14 a 4.60 ± 0.16 a

Soluble phenol content (mg kg−1) 42.94 ± 10.62 a 30.72 ± 4.68 a 44.88 ± 15.32 a 16.89 ± 3.98 a
SOC (%) 7.13 ± 0.61 a 6.77 ± 0.59 a 6.49 ± 0.22 a 5.11 ± 0.22 b
SON (%) 1.36 ± 0.05 d 1.67 ± 0.09 b 1.47 ± 0.05 c 1.94 ± 0.05 a

C/N ratio 34.62 ± 3.85 a 31.12 ± 3.49 a 32.24 ± 1.52 a 23.48 ± 0.93 b
Microbial biomass C (mg kg−1) 48.96 ± 11.05 b 22.76 ± 11.47 c 120.72 ± 16.41 a 63.03 ± 11.50 b
Microbial biomass N (mg kg−1) 31.23 ± 4.44 a 13.12 ± 4.30 b 25.49 ± 3.41 a 14.19 ± 1.41 b

Net N mineralization (mg kg−1 d−1) 2.52 ± 0.37 b 3.89 ± 0.23 a 1.55 ± 0.22 c 2.25 ± 0.21 b
Ammonium N (mg kg−1) 34.37 ± 2.37 a 23.91 ± 2.18 a 27.36 ± 2.00 a 19.95 ± 1.71 a

Nitrate N (mg kg−1) 0.44 ± 0.14 b 1.07 ± 0.32 a 0.48 ± 0.11 b 0.57 ± 0.24 b
Total N content (mg g−1) 28.79 ± 2.47 a 36.12 ± 2.26 a 25.72 ± 2.85 a 33.48 ± 0.93 a
Total P content (mg g−1) 7.90 ± 0.32 a 8.04 ± 0.70 a 7.67 ± 0.84 a 8.72 ± 1.22 a
Total K content (mg g−1) 21.96 ± 3.43 a 19.76 ± 2.31 a 21.60 ± 4.13 a 24.10 ± 4.33 a

Note: 1 different letters indicate significant difference according to a Tukey test at 0.05 level.

Factors of dominant species and interruption treatment had an interactive effect on
the soil’s pH value (Table 1). Communities dominated by L. palustre had lower soil pH
values in plots subjected to the removal treatment compared to those in the co-existing
control and those dominated by V. uliginosum (Table 2).

Dominant species had no effect on soil phenol content; instead, the effect of the
interruption treatment was significant (Table 1). Communities with co-existing V. uliginosum
and L. palustre had higher soil phenol contents (43.91± 11.84 mg kg−1) than those receiving
the removal treatment (23.81 ± 7.43 mg kg−1) (Table 2).

The factors of dominant species and interruption treatment had interactive effects on
SOC and SON (Table 1). Communities dominated by V. uliginosum had lower SOC in the
removal treatment compared to those in the control and others dominated by L. palustre
(Table 2). Instead, communities dominated by V. uliginosum in the removal treatment had a
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higher SON than those in response to other combined factors. Communities dominated by
L. palustre had higher SON in the removal treatment than controlled communities domi-
nated by either species. Controlled communities dominated by L. palustre had the lowest
SON. Accordingly, communities dominated by V. uliginosum in the removal treatment had
the lowest soil C/N ratio among those subjected to all combined factors (Table 2).

Combined factors also generated interactive effects on microbial biomass C and N in
soils (Table 1). Among all treatments of combined factors, MBC was highest in commu-
nities dominated by V. uliginosum in the control and lowest in communities dominated
by L. palustre subjected to the removal treatment (Table 2). Microbial biomass N was higher
in controlled communities dominated by either V. uliginosum or L. palustre relative to those
in communities receiving the removal treatment (Table 2).

Net N mineralization rate was significantly responsive to combined factors of domi-
nant species and interruption treatment (Table 1). Among all treatments, the net N mineral-
ization rate was highest in communities dominated by L. palustre in the removal treatment
and lowest in controlled communities dominated by V. uliginosum (Table 2). Soil ammo-
nium N content was higher in communities dominated by L. palustre (29.14 ± 5.26 mg kg−1)
compared to V. uliginosum (23.65 ± 3.82 mg kg−1). The removal of dominant species
reduced soil ammonium N content (21.93 ± 2.57 mg kg−1) by 28.95% relative to the
control (30.86 ± 3.81 mg kg−1). Soil nitrate N content was higher in communities dom-
inated by L. palustre in the removal treatment compared to those subjected to other
combined treatments.

Soil total N content was affected by either dominant species or the interruption
treatment (Table 1). Soil total N content was higher in communities dominated by L. palustre
(32.45 ± 4.02 mg g−1) than those by V. uliginosum (29.60 ± 4.08 mg g−1) (Table 2). The
removal treatment increased soil total N content by 27.69% (removal: 34.80 ± 2.00 mg g−1;
control: 27.25 ± 2.83 mg g−1). Neither soil total P nor total K contents were responsive to
combined factors of dominant species and the interruption treatment (Table 1). Soil total P
content ranged between 7.67 mg g−1 and 8.72 mg g−1, and soil total K content ranged from
19.76 to 24.10 mg g−1 (Table 2).

3.2. Plant Parameters

The factors of dominant species and interruption treatment had no interactive effects
on plant parameters (Table 3). Instead, the main effects came from either of the factors.
Communities dominated by V. uliginosum had higher levels of plant biomass (Figure 1A),
NUI index (Figure 1E), and root colonization rate (Figure 1G) compared to those dominated
by L. palustre. The removal of dominant species reduced levels in all plant parameters
compared to the control (Figure 1B,D,F,H).

Table 3. Analysis of variance (ANOVA) effect of dominant (D) species of understory communities,
interruption (I) by removing dominant species, and their interaction (D × I) on plant parameters of
Ledum palustre vs. Vaccinium uliginosum in forests of northeast China.

Plant Parameter
Source of Variance

Dominant Interruption D × I

F Value p Value F Value p Value F Value p Value

Biomass 11.06 1 0.0034 36.10 <0.0001 0.91 0.3518
Total N content (mg g−1) 0.12 0.7358 4.98 0.0372 0.07 0.7884

N utilization index 4.96 0.0377 6.61 0.0182 1.10 0.3063
Colonization rate (%) 6.21 0.0216 37.13 <0.0001 3.42 0.0791

Note: 1 Bold values indicate significant effect.
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Figure 1. Contrasting levels of plant biomass (A,B), nitrogen (N) content (C,D), N utilization in-
dex (NUI) (E,F), and root colonization rate (G,H) in communities dominated by Ledum palustre vs.
Vacciniuim uliginosum (left column) or subjected to the interruption treatment of removal of dom-
inant species vs. the control of co-existence (right column). Columns stand for means with error
bars marking standard errors. Different letters label significant difference according to a Tukey test
at 0.05 level.

Compared to communities dominated by L. palustre, those dominated by V. uliginosum
induced an alleviation of the relative N deficiency (Figure 2A). This suggests that the
V. uliginosum dominance was better acclimated to N deficiency relative to the L. palustre
dominancy. The interruption treatment of removing dominant species induced an N excess
state relative to the control of two co-existing species (Figure 2B). This was diagnosed as
a result of antagonism induced by the removal of dominant species. When both factors
were considered together, the interruption treatment of removing the dominant species still
induced excessive N uptake relative to the control for both types of communities dominated
by V. uliginosum and L. palustre (Figure 2C).
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Figure 2. Vector diagnoses of combined statuses of biomass, nitrogen (N) content, and N concentration
in communities dominated by Ledum palustre and Vaccinium uliginosum (A) in the interruption
treatments by removal of dominant species and control of co-existence (B) and their interactions (C).
Nitrogen content and concentrations are standardized to a percent number relative to the reference
(100, 100). Vector shifts mark relative N statuses with interpretations given by Salifu and Timmer [65].
Shift C stands for an alleviation of relative N deficiency by the factor level next to the arrow tip. Shift
F stands for a status of excessive N status that may be caused by N antagonism.

3.3. Soil Microbial Community

Seven phyla of soil microbial communities were found by real-time quantitative PCR
(Figure 3). Six microbial phyla were confirmed and classified, but there were some fungi
phyla which were unclassified. Ascomycota and Basidiomycota together accounted for
about 97% of the relative abundances of all soil microbial phyla, but neither was signifi-
cantly responsive to factors of dominant species or the interruption treatment. Instead, the
relative abundance of the Glomeromycota phylum was affected by combined dual factors
(ANOVA: F value, 4.71; p value, 0.0421). The removal treatment reduced the relative abun-
dance of this phylum in soils of communities dominated by L. palustre by 92.37% (Figure 3).
In communities subjected to the interruption treatment, the V. uliginosum dominance had a



Agronomy 2022, 12, 932 10 of 19

higher relative abundance of the Glomeromycota phylum compared to the L. palustre domi-
nance by a thousand times. The removal treatment also reduced the relative abundance
of Rozellomycota phylum by 82.76% (Figure 3). Compared to communities dominated
by L. palustre, those dominated by V. uliginosum showed a lower relative abundance of
unclassified fungi phyla but a higher Zygomycota phylum abundance.
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Figure 3. Relative abundances of soil microbial phyla in communities dominated by Ledum palustre
and Vaccinium uliginosum in the interruption treatment of dominant species removal and an untreated
control of both species co-existing. Classifications of microbial phyla are given in the figure legend
whereas some mycorrhizal fungi are unclassified.

The ericoid mycorrhiza abundance of soil Odiodendron maius was higher in soils of
controlled communities dominated by L. palustre than in soils subjected to other com-
bined factors (Figure 4A). The interruption treatment showed significant effects on soil
Meliniomyces varia abundance (Figure 4B). The removal treatment reduced the abundance
of Meliniomyces varia (2.03 ± 1.59 thousand) relative to the control in soils by 81.60%
(11.05 ± 7.58 thousand). Soil Phialocephala fort abundance in communities dominated by
L. palustre (2.13 ± 1.24 thousand) was higher by 129.61% than those by V. uliginosum
(0.93 ± 0.89 thousand) (Figure 4C). The removal treatment reduced soil Phialocephala fort
abundance (0.71 ± 0.99 thousand) by 69.54% compared to the control (2.34 ± 0.91 thousand).

3.4. Relationship between Soil Microbial Phyla and Plant Variables

An Ericoid mycorrhiza abundance of Oidiodendron maius had no relationship with plant
biomass (Figure 5A) or root colonization rate (Figure 5B). However, it had a significantly
positive relationship with plant N content (Figure 5C). Ericoid mycorrhiza abundance
of Meliniomyces variabilis had positive relationships with plant biomass (Figure 5D), root
colonization rate (Figure 5E), and plant N content (Figure 5F). In addition, an Ericoid myc-
orrhiza abundance of Phialocephala fortinii had positive relationships with plant variables
(Figure 5G–I).
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3.5. Principal Component Analysis

All soil and parameters can be characterized by eigenvalues in two PCs (Figure 6). The
first PC accounts for 29.99% of the variation and the second for 21.30%. Along the axis of
the first PC, soil parameters of ammonium N content, MBC, phenol content and MBN had
a positive relationship with plant biomass and root colonization rate, with both showing
negative relationships with soil nitrate content, net N mineralization rate, bulk density,
and total N content. Along the axis of the second PC, soil phyla of unclassified fungi had
a negative relationship with total N content of the plant. In addition, the soil C/N ratio
showed a positive relationship with the abundance of the Ascomycota phylum in soil, with
both being negatively related to the abundance of the Basidiomycota phylum in soil.
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Phialocephala fortinii (C) in soils of communities dominated by Ledum palustre and Vaccinium uliginosum
in the interruption treatment of dominant species removal and an untreated control of both species
co-existing. Columns stand for means with error bars marking standard errors. Different letters label
significant difference according to a Tukey test at 0.05 level.
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by Ledum palustre and Vaccinium uliginosum in the interruption treatment of dominant species removal
and an untreated control of both species co-existing. Parameters enclosed in red circles indicate nega-
tive relationships and those in cyan circles show positive. Spots in dark red mark soil physicochemical
properties: Nitrate, soil nitrate N content; Mineralization, net mineralization rate of mycorrhiza fungi;
STN, soil total N content; Ammonium, soil ammonium N content; Microbial C, MBC; Microbial N,
MBN; Phenol, soil phenol content; TP, soil total phosphorus content; TK, soil total potassium content;
C/N, ratio of soil SOC to SON contents. Spots in dark green mark plant parameters: PTN, plant
total N content; Colonization, root colonization rate. Spots in blue mark soil ericoid mycorrhiza
abundances of microbial phyla.

4. Discussion
4.1. N Availabilities in Two Communities with Contrasting Soil Chemicophysical Properties

As local dwellers in boreal forested boglands, V. uliginosum and L. palustre had natural
differences in N absorption in their dominant communities. In the context of global warm-
ing, V. uliginosum presented a lower foliar N concentration than L. palustre in controlled
ambient stands [16]. However, in contrast, in highly controlled environments where air
temperature was caused to rise to 1.3 ◦C, foliar N concentration was higher in V. uliginosum
than in L. palustre [66]. In our study, the two species did not show a distinct difference in
plant N content when both were subjected to the removal treatment. Therefore, temperature
was unlikely the factor driving the distinct responses of the two species. This can be caused
by the fact that stands where two types of communities were distributed had a similar level
of soil N availability. Even so, their soil characteristics were highly distinct from each other.

Compared to soils in communities dominated by V. uliginosum, those by L. palustre
showed higher mineral N availability at higher levels in mineralized N rate and ammo-
nium and nitrate N contents. In addition, soil total N content was also higher in soils
of L. palustre communities, where organic N was lower in response to higher BD. These
findings together suggest a cooccurring process where a large proportion of soluble organic
N was immobilized in soils inhabited by L. palustre. This speculation can be seen in an-
other study conducted in a hardwood forest watershed in Alaska, USA, where L. palustre
enhanced inorganic N immobilization [67]. Therein, the authors surmised that it was the
high concentrations of phenolic compounds in soils that immobilized mineral N according
to combined findings of low net mineralization but high soil C/N. In our study, soluble
phenol content in soils did not differ between the two types of communities, suggesting
that rainfall leachates from leaves and decomposing litter resulted in soluble phenolic
compounds to a similar level between the two communities. Immobilized N was largely
fixed in the form of soil microbial retention in communities of L. palustre, which can be
confirmed by higher levels of the soil’s C/N ratio and microbial C with a low soil pH [55,68].
The immobilization of mineral N was mainly achieved by soil microbial activities.

The Glomeromycota phylum showed different responses of abundances in soils be-
tween the two types of communities, which can be an indicator of N addition to the
wetlands of northeast China [69]. However, in our study, the change of Glomeromycota
phylum abundance had a rare relationship with N uptake. Compared to communities
dominated by L. palustre, a lower relative abundance of unclassified fungi phyla and higher
Zygomycota phylum abundance together suggest a force acting to increase plant N content
in V. uliginosum. As discussed above, microbial activity contributed to the N immobilization
in L. palustre communities and benefited N mobilization in V. uliginosum communities. This
can also be supported by our results about the root colonization rate, which was higher
in V. uliginosum. This force was not effective enough to cause a significant difference in N
uptake between the two plant species. In addition, Oidiodendron maius and Phialocephala
fortinii are two ericoid mycorrhizal fungi that can benefit N uptake of the host plants
through inoculation [61]. We also confirmed their contributions to leaf N concentration and
higher abundances in soils of L. palustre communities. Again, these changes did not lead to
different leaf N concentrations between the two species due to the immobilization effect by
the microbial community.
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4.2. Removal of Dominant Species Modifies N Availability

Compared to controlled communities with co-existing V. uliginosum and L. palustre,
those receiving the removal treatment had lower plant N concentrations. The removal
treatment increased mineralized N, soil organic N, microbial N, and total N contents in
soils, but the N availability was still lower. This was explained by the removal treatment
impacting soils and inducing higher BD. Compared to soils with a good state of aeration,
compacted soils are more likely to limit root growth and N foraging [70]. We do not
consider soil compaction resulting from the process of plant removal because we conducted
a long-term experiment and sub-plots were reconstructed every year. Given that both
plant species are prone to colonization by ectomycorrhiza [71,72], the removal treatment
interrupted N acquirement through interplay with ericoid mycorrhiza, further reducing
the root colonization rate. For example, abundances of ericoid mycorrhiza Meliniomyces
varia and Phialocephala fort were largely reduced by the removal treatment, which was both
negatively related to plant N content. In addition, removal decreased relative abundances
of Rozellomycota phylum, which was also negatively related to N uptake. The change of
microbial community structure will result in N mineralization and mycorrhizal infection,
which together limit the rate of N uptake [73].

4.3. N Utilization and Driving Forces

It has been reported several times that NUI is assessed by a quotient of “the amount of
biomass per unit amount of nutrient present in the biomass” [40,63,74,75]. The biomass
production for assessing NUI was frequently adapted as the whole-plant scale in these
studies. These types of studies cultured juvenile plant crops in highly manipulated con-
ditions where the nutrient loss was controlled to an extremely low level and can even be
omitted. However, it was indicated that this “perfect” condition belongs to a situation (a) of
“biomass increasing proportionately more than nutrients—in which the quotient may indi-
cate an increased efficiency of utilization” [76]. However, the actual conditions of N uptake
in plants are much more complicated. At least two conditions can be characterized as other
types of situations. For example, Siddiqi and Glass also put forward another situation
of net negative productivity caused by nutrient loss [76]. This has a practical meaning
because nutrients can be lost through (b) defoliation or (c) leaks. Therefore, the biomass
production at the cost of N utilization should be taken as part of, or a group of, organisms
of plants when facing complicated situations (a) to (c). For example, An et al. calculated
NUI by leaf biomass divided by N concentration in fruiting Rubus idaeus, because the whole
plant biomass was produced by the N cost of total uptake minus leaching loss [64]. The
authors did not use biomass of above-ground organs because parts of their N reserves were
probably translocated to support flowering and fruiting at the reproduction stage [77]. In
our study, we focused on objects at the community level instead of an individual level,
which resulted in plants of a sub-plot experiencing biomass production at N cost of loss
through removal. Our plants also experienced N loss through leaching because their com-
munities inhabited bogs and peatlands of boreal forests [33]. Therefore, we chose to use
biomass production of above-ground organs to calculate the NUI quotient because there
were residual plants over from the removal treatment and their above-ground organs used
N as a difference of N uptake minus possible leaking loss. Our NUI has the theoretical
rationality to assess N utilization by berry communities of boreal boglands.

Unfortunately, we cannot accept our first hypothesis. In our study, V. uliginosum
showed a higher NUI than L. palustre, which resulted from greater dry mass production at
a similar cost of plant N concentration. According to investigations in Middle Siberia [26],
V. uliginosum is a dwarf shrub that dominates the layer over herbs with large canopies,
and L. palustre is a tall shrub that has long stems but a small canopy. In their communities,
V. uliginosum exists in a low frequency but a large vegetative growth; in contrast, L. palustre
usually exists in a high frequency with small individual growth, especially in canopy size.
In a tundra at Eagle Creek, Alaska, USA [27], V. uliginous was also found to have greater
biomass than L. palustre in both current and old organs in stands subjected to uncontrolled
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soil N availability. Higher NUI can also be interpreted by vector diagnosis, which indicated
a greater increment of biomass in V. uliginosum when N content and N concentrations both
increased in synchronization.

We can accept our second hypothesis. The removal treatment was characterized as
impairing NUI as a force to induce antagonism in both plant species. This was because re-
moval of the dominant species impaired continuous biomass production of residual species
if more N was absorbed. This concurred with findings of elevated levels in soil organic and
inorganic N contents but lower N uptake. In the Alaskan tussock tundra, the removal of the
dominant species was found to benefit biomass accumulation in L. palustre [78]. This was
because the removed species was a competitor with the remaining ones. However, in our
study, V. uliginosum and L. palustre were co-existing instead of competing; the removal of
dominant species may modify the community habitat and expose residual plants to more
intensified sunlight [15].

4.4. Limits of This Study

Our study still has limits that can be addressed in the future. Firstly, there were some
unclassified fungi phyla which prevented further detection of family and species in soil
microbial communities. To our knowledge, the unclassified microbial phyla were difficult
to confirm and their composition in class and species may harbor important functions
benefitting soil N availability. However, for the scope of this study, it was sufficient to
obtain desired results about the relative abundances of exposed soil microbial phyla with
their responses to treatments and correlations with N utilization. In future works, all fungi
need to be classified to identify their phyla, family, and species with a deeper scope to reveal
a broader spectrum of soil microbial attributes in understory ecosystems of boreal forests.
Secondly, we demonstrated the abundances of three ericoid mycorrhizae to facilitate the
determination of more explanations for soil–plant interaction. More ericoid mycorrhiza
should be considered in future works to verify their contributions to host plant nutrition.
Finally, the removal of competitors should be considered in future studies to compare with
current results. Both herbs and dwarf trees can be potential competitors and their responses
to NWFP plant removals will cause more uncertainties in soils.

5. Conclusions

In a five-year study, the understory communities undergoing continuous removal of
dominant shrub species resulted in a series of responses of the remaining co-existing plant
communities. As a simulation of severe interruption on the understory ecosystem, the
removal of dominant plants would impair N utilization of the residual co-existing plants.
Soil mineralization responded to our treatments, but soil microbial communities accounted
for a larger contribution to soil N utilization. Communities dominated by V. uliginosum had
a higher N availability than those by L. palustre, and both obtained a higher N availability
without removal interruption. Therefore, communities of boglands should be protected
from further exploitation, especially those dominated by L. palustre. Strategies need to
be considered to improve the function of soil microbial communities in promoting N
availability in bogs and peatlands in boreal forests.
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