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Abstract: Elevated nitrogen (N) deposition may further acidify soils in tropical forests. Yet, we have
limited evidence on this prediction and it remained unclear how this would affect fine root growth
therein. Here, we report responses of fine root biomass, vitality, and chemistry, as well as related soil
parameters to eight years of N additions in three tropical forests different in initial soil N status, with
one primary forest being N-saturated, and another two younger forests (one secondary forest and
one planted forest) less N-rich. Results showed that in the primary forest, fine root biomass decreased
and fine root necromass increased following N addition, resulting in lower live fine root proportion
(fine root vitality). Declining fine root vitality was associated with fine root Fe accumulation and soil
acidification indicated by regression analysis. These alterations of fine root growth and chemistry
co-occurred with soil pH decline, soil exchangeable Fe3+ mobilization, exchangeable Ca2+, and Mg2+

depletion after N treatments in the primary forest. In contrast, N addition only elevated fine root K, Al,
and Fe content in the secondary forest. In the planted forest, moderate but significant decreases in soil
pH, soil exchangeable K+, and Mg2+ were found after N treatment, with fine root biomass negatively
correlated with soil exchangeable Al3+ and Al3+/(Ca2+ + Mg2+) ratio. Our results suggested that
long-term N fertilization may negatively affect fine root growth, via severed soil acidification, Fe
mobilization, and base cation depletion in highly acidified, N-saturated primary tropical forests.
Initial forest N status, influenced by different land-use history, mediates N deposition effects on fine
root growth.

Keywords: nitrogen deposition; fine root vitality; fine root chemistry; soil acidification; tropical forest

1. Introduction

Fine roots are in close contact with soil and turn over rapidly. Thus, they can be
sensitive to changes in soil nutrient availabilities [1]. Nitrogen availability has been sug-
gested as the major factor governing belowground carbon (C) allocation [2]. It is generally
accepted that total fine root biomass (live + dead) or fine root production rate decreases
along the positive N availability gradient. This is consistent with the allocation theory that
plants maintain a large amount of fine roots when soil nutrients are scarce [3–6]. Notably,
many of these studies were carried out in temperate and boreal forests, which are usually
N-limited [7]. Primary lowland tropical forests were considered rich in N due to their long-
term development and highly weathered soils [8]. Thus, the key role of N in influencing
belowground carbon allocation may not be straightforward and predictable as observed by
numerous studies which often dealt with N-limited situations [2].
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Aside from changes in tree growth allocation pattern [3], decline in fine root biomass
could be related to the N-induced effect of soil acidification, especially in sites where initial
N status is high [9]. Continuous atmospheric N deposition to terrestrial ecosystems can lead
to pronounced soil acidification [10]. As consequences of soil acidification, net decreases in
soil pH and nutrient cations (K+, Ca2+, Mg2+), but increases in phytotoxic soluble Al3+ were
often observed, which can potentially damage tree fine roots [11,12]. Low availability of
certain mineral nutrients, e.g., P, K, and Mg, is often related to root damages visualized by
a decreased live to dead ratio of fine roots [13,14]. The ratio of living fine root biomass over
the dead fine root necromass (live to dead ratio or live fine root proportion, %) is a useful
proxy of root vitality [14–16]. Conversely, increased percentage of living fine roots and
increased “vitality” of fine roots of Norway spruce (Picea abies (L.) Karst.) were observed in
the ROOF catchment with reduced N and S deposition in SW Sweden [14]. Thus fine root
vitality is a useful and sensitive indicator of N-induced stress to fine root growth.

Aluminum can be toxic even when soil pH is neutral [17]. Aluminum accumulates
preferentially in the root tips where it can influence cell division and cell elongation [18].
Presence of Al can also block root uptake of Ca and K, resulting in nutrient imbalance and
thus malfunction of fine roots [19]. Experimental evidence of such adverse effects of N
mainly came from research from central and northern Europe and eastern North America,
where nitrogen and sulfur precipitation has resulted in environmental degradation of
surface waters, forests, and grasslands during the past five decades [20,21]. In contrast, we
know very little about how continuous N deposition would affect soil acidification and
fine root growth in tropical forests where the most drastic increases in N deposition will
be seen [22]. Indeed, it was demonstrated that N deposition of 5 kg ha−1 yr−1 has altered
N concentrations and 15N signatures in plant tissues and influenced the nitrogen cycle in
remote tropical forest sites over the past 40 years [23].

Soils undergo transitions through different ranges of buffering associated with the
weathering and liberation of different elements [24]. Many temperate soils are buffered by
base cations (K+, Na+, Ca2+, Mg2+), and will be replaced by Al3+ when pH drops below 4.2,
at the cost of base cation depletion. Tropical forests are usually poorly buffered against acid
deposition due to the highly weathered soils with low base cation pools. Thus, as chronic
N deposition keeps adding N to these tropical forests, it is reasonable to hypothesize
that soil buffering systems would adjust accordingly. Indeed, in one N-saturated primary
forest in Dinghushan, southern China, where ambient N deposition is high (32~34 kg ha−1

yr−1, inorganic N, wet deposition) [25], exchangeable Al3+ mobilization, but Ca2+, Mg2+

depletion were demonstrated in the beginning years of N treatments, which was associated
with lower fine root biomass (2 years of N additions, 150 kg N ha−1 yr−1) [26,27]. However,
Al3+ mobilization ceased after 6 years of N additions (no further increases in exchangeable
Al3+ when compared to control, N addition of 150 kg N ha−1 yr−1) [28]. Due to the fast
turnover rate and sensitive nature of fine roots, they may also respond accordingly, which
has not been examined. In this study, we reported responses of fine root growth (biomass,
necromass, and live fine root proportion), fine root chemistry, and related soil parameters
to longer-term N treatments, and compared them with short-term responses.

To evaluate the effect of elevated N deposition at sites with a long legacy of high N
deposition, a long-term N addition experiment was initiated in July 2003 at Dinghushan
Biosphere Reserve of southern China. Atmospheric N deposition rates are commonly
above 30 kg N ha−1 yr−1 in the study sites [25,28]. Three types of forests were included,
one primary forest (forest age > 400-years-old) and two younger forests (one secondary
forest and one planted forest, both at ages of about 75-years-old). These younger forests
are common in southern China, largely due to the reforestation of degraded lands over the
last few decades [29,30]. The primary forest was demonstrated to be N-saturated based
on the negative response of litter decomposition and high N leaching after N additions, in
contrast to the relatively less N-rich status of the two younger forests [25,31,32]. Long-term
records showed significant decreasing trend in soil pH at all the three forests over the past
four decades, but reasons remain unclear. In this study, we reported the effects of 8 years
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of N treatments on fine root biomass, vitality (live fine root proportion), chemistry, and
related soil parameters from this experiment. We hypothesized that: (1) fine root growth
and vitality will be inhibited in the N-saturated primary forest, with responses different
in magnitude from those of the secondary forest and the planted forest being less N-rich;
(2) fine root responses will be closely related with soil acidity and exchangeable cation
responses, in the view that fine roots directly contact soil and take up nutrients; (3) these
relative longer-term responses (8 years of N treatments) differ from shorter-term patterns,
characterized by soil Al3+ mobilization and possibly Al toxicity to fine root growth after
2 years of N additions [9,27]. To our knowledge, this study is, to date, the first to explore
effects of long-term N addition (8 years) on fine root biomass, vitality, and chemistry in
contrasting but representative tropical forest types in China.

2. Methods
2.1. Site Description

This study was conducted in Dinghushan Natural Reserve (112◦33′ E and 23◦10′ N),
located in the central section of Guangdong province, southern China. The climate is
warm and humid, with annual precipitation of 1927 mm and mean annual temperature
of 21.0 ◦C [33]. Soils are classified as oxisols formed from sandstone with soil depth of
roughly 30 cm to 70 cm (lateritic red earth) [34]. Bulk precipitation of inorganic and or-
ganic N averages approximately 33 and 18 kg N ha−1 yr−1 in 2004–2005, respectively [25].

Three types of forest within the reserve (~2–4 km apart) were used in this study: a
primary forest, considered the regional climax type, a younger secondary mixed species
forest, and a similarly younger planted forest (Table 1) [31,32,35]. All forest types are of
similar elevation range (50–250 m above mean sea level), slope aspect, and degree [32]. The
age of the primary forest was determined to be older than 400 years using the 14C dating
technique [36]. The 14C dating technique hinges on the fact that the 14C signature within
organisms after death decays at a first-order reaction and the decay rate is proportional to
the number of 14C atoms present. Then, by comparing with the known half-life of 14C, the
mean age of a certain sample or the residence time of soil organic matter can be calculated.
The two younger forests originated from clear-cut harvesting and subsequent planting
of Pinus massoniana in the 1930s, during which time the sites became badly eroded and
degraded [31,32]. Sharply contrasting intensity and frequency of litter and vegetation
harvesting between 1930s and 1998 resulted in contrasting tree species composition. Pinus
massoniana dominates in the planted forest, whereas several broadleaf species co-dominate
with P. massoniana in the secondary forest. The three forest types exhibit different nutrient
status, with lower mineral soil C:N ratio and higher N leaching rates in the primary forest
(Table 1), which is characteristic of N saturation [37]. The two younger forests are similar
with respect to most characteristics and are considered N-limited, based on positive effects
of N on litter decomposition rates [31]. In the primary forest, however, N addition imposed
a negative effect on the decomposition rate [31].

Table 1. Characteristics of the three study forests.

Primary Forest Secondary Forest Planted Forest

Aboveground
Stem density (DBH > 2 cm,

stems ha−1) 1013 1933 767

Basal area (m2 ha−1) 26 13.8 14.0
Litter production (t ha−1 yr−1) in 2005 6.6 5.0 4.3

Mineral soil (0–10 cm)
Bulk density (g cm−3) 1.0 1.2 1.2

pH (H2O) 3.8 3.9 3.9
Total C concentration (%) 4.5 2.6 2.8
Total N concentration (%) 0.2 0.1 0.1

C/N 22 26 28
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Table 1. Cont.

Primary Forest Secondary Forest Planted Forest

Base saturation (%) 4.5 3.2 5.5
Net N mineralization
(mg N kg−1 mon−1) 6.7 3.9 8.2

Net nitrification (mg N kg−1 mon−1) 6.1 1.1 7.8
Inorganic N leaching in 2005

(kg N ha−1 yr−1, 20 cm
Below the organic layer)

41.7 9.5 15.5

2.2. Experimental Design

The long-term N addition experiments began in July 2003. Four treatments (0, 5,
10, and 15 g N m−2 yr−1, or control, low-N, medium-N, and high-N, respectively) in the
primary forest and three treatments (0, 5, and 10 g N m−2 yr−1, or control, low-N and
medium-N, respectively) in both the planted and secondary forests were established [31].
There were three replicated plots for each N treatment within each forest. Each plot
measured 10 m × 20 m and was surrounded by about 10 m wide buffer strips to prevent
inter-contamination. All plots of the N-addition experiment were located at the same slope
aspect of each forest. Dissolved NH4NO3 was backpack-sprayed monthly to the forest
floor of each plot as 12 equal monthly applications per year. Fertilizer was weighed and
mixed with 20 L of water (equivalent of 1 mm rainfall). Control plots received an equivalent
volume of deionized H2O.

2.3. Sampling

We sampled soil and fine root samples from the three forests in July 2011 after 8 years
of N treatment (2012 fine root biomass data are only shown in Supporting Information).
Using a 5 cm diameter corer, eight cores of mineral soil to 10 cm depth were combined to
yield two composite samples in each plot from the three forests. The cores were refrigerated
until processed (<1.5 day). Roots with diameter less than 2 mm (fine roots) were separated
by hand using latex gloves and washed with deionized water. Live and dead fine root
fragments were subsequently separated by visual inspection. The xylem of dead roots looks
darker and is deteriorated, the degree of cohesion between the cortex and the periderm
decreases, and root tips become brittle and less resilient [38]. Sorted roots were dried at
65 ◦C, weighed, and fine root biomass, fine root necromass, and live fine root proportion
were determined. The soils were sieved to pass 2 mm screen.

2.4. Chemical Analysis

Subsamples of live fine roots collected were used to determine N, P, K, Ca, Mg, Al,
and Fe concentrations and N:P ratios. About 0.2 g of dried and ground fine root samples
were microwave-oven digested with HNO3 and analyzed for P, K, Ca, Mg, Al, and Fe
using ICP (Optima 2000, Perkin Elmer, Waltham, MA, USA). Fine root 15N, N, and carbon
concentrations were determined by EA-IRMS (EA1112 coupled with Delta-XP, Thermo
Fisher Scientific K.K., Yokohama, Japan).

Sieved soil was extracted by 2 mol L−1 KCl and analyzed by the indophenol blue
method followed by colorimetry to determine concentration of NH4

+-N. Nitrate was
analyzed after cadmium reduction to NO2

−, followed by sulfanilamide-NAD reaction. Soil
available P was determined by adding an acid-ammonium fluoride extraction solution
(0.025 mol L−1 HCl + 0.03 mol L−1 NH4F) [39]. Air-dried and sieved mineral soil samples
were used to determine soil acidity (soil:water ratio of 1:2.5; Liu et al., 1996). Exchangeable
K+, Ca2+, and Mg2+ were extracted with 1 mol L−1 NH4OAC, and exchangeable Al3+

and Fe3+ were extracted with 1mol L−1 KCl (soil:solution = 1:10) [26]. All cations were
determined by inductively coupled plasma optical emission spectrometer (Optima 2000,
Perkin Elmer, Waltham, MA, USA).
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2.5. Data Analysis

Soil cation exchange capacity (CEC) was calculated as the sum of exchangeable cations
(i.e., K+, Na+, Ca2+, Mg2+, H+, Al3+, Fe3+) on an equivalent basis. Fraction of base cations
(i.e., K+, Na+, Ca2+, Mg2+) in CEC was calculated as soil base saturation (BS). We also
calculated the relative composition of soil exchangeable cations, expressed as percentage
charge of total CEC. Effects of N treatments on the responses of fine root biomass, necro-
mass, and live fine root proportion were evaluated using least-squares linear regression.
One-way ANOVA with Fisher least-significant difference (LSD) multiple range test was
employed to identify N-treatment effects on other fine root response variables (fine root
cation concentrations, Al and Fe concentrations) and soil exchangeable cations, soil pH,
BS, and CEC. Pearson’s correlation analysis with two-tailed significance was adopted to
examine the relationships between fine root biomass, necromass, live fine root proportion,
and certain soil and fine root parameters in each forest. All analyses were conducted using
SPSS 22.0 for Windows® (SPSS, Chicago, IL, USA). Level of significance was set at p < 0.05
unless otherwise stated.

3. Results
3.1. Historical Changes in Soil pH and Fine Root Biomass in the Three Forests and Role of Ambient
N Deposition

Figure 1 shows the historical trend in soil pH (water) changes (0–10 cm mineral soil)
in the three study forests in southern China (Figure 1). In the primary forest, soil pH
decreased from 4.75 in the 1980s to ca. 3.98 in the 2000s to an average of 3.83 in the 2010s.
It showed a decreasing rate of −0.032 unit per year from 1982 to 2014, indicated by the
regression against years (p < 0.001; Figure 1a). In the secondary forest, soil pH decreased
from 4.39 in 1990 to 4.0 in the 2000s and to 3.98 in the 2010s, with annual decreasing rate
of −0.026 unit per year from 1990 to 2014 (p = 0.001; Figure 1b). At last, in the planted
forest, soil pH decreased from 4.73 in 1990 to an average of 4.18 in the 2000s and to 3.93 in
the 2010s (Figure 1c). Its declining rate was -0.035 units per year from 1990 till 2014.

Figure 1. Soil pH (water) changes at upper 20 cm mineral soil and its relationship with ambient N
deposition (kg N ha−1 yr−1) during the 1980s to 2010s in the primary forest (a,d), the secondary
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forest (b,e), and the planted forest (c,f) of Dinghushan Biosphere Reserve in southern China. Soil
pH (water) data for 1980s to 2005 were from Liu et al. (2010) [40], while those for 2008, 2009, 2011,
and 2014 were measured by authors using a similar method. N deposition data were from Liu et al.
(2013) [41] for specific year averages (1982, 1990, 1995, 1997, 2000, 2003, 2004, 2005, 2008, 2009, and
2010) reported for southeast China (SE China) which included our study site Dinghushan.

The role of concurrent regional N deposition levels in influencing soil pH changes was
revealed by regression analysis (Figure 1d–f). It appeared that atmospheric N deposition
contributed around 17% and 15% to soil pH changes in the primary and the secondary
forest, respectively (Figure 1d,e; p = 0.10 and 0.11), both being marginally significant. Soil
pH decreased at −0.018 and −0.014 units per unit increase in N deposition in the two
forests (Figure 1d,e). In contrast, no significant relationship can be found in the planted
forest (Figure 1f).

On the other hand, fine root biomass at the 0–10 cm depth of mineral soil amounted
to 323 g m−2 at 1993 in the primary forest, and decreased to 160, 118, and 171 g m−2 at
2009, 2011, and 2014 (by 48%, 63%, and 47%, respectively, Figure 2). Similarly, values in the
mixed forest decreased from 378 g m−2 at 1993 to 278, 178, and 130 g m−2 at 2009, 2011,
and 2014 (by 26%, 53%, and 66%, respectively, Figure 2). In the planted forest, fine root
biomass data for 1993 were not available. Values for 2009, 2011, and 2014 were 109, 165,
and 151 g m−2 (Figure 2).
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Figure 2. Fine root biomass in 1993 (Wen et al., 1999) [42], 2009, 2011, and 2014 at 0–10 cm mineral soil
in the primary forest, the secondary forest, and the planted forest of Dinghushan Biosphere Reserve
in southern China. Data for year 1993 were from Wen et al., (1999) [42]. Others were determined
by authors.

3.2. Fine Root Responses

In the primary forest, fine root biomass decreased (p = 0.02), fine root necromass
increased (p = 0.09) with increasing treatment rates of inorganic N, resulting in declining
live fine root proportion (p = 0.03; Figure 3a). In contrast, no such significant changes in
either fine root biomass, necromass, or live fine root proportion were observed in the two
younger forests (Figure 3b,c).
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Figure 3. Fine root biomass, necromass, and live fine root proportion (vitality) in the 0–10 cm mineral
soil of the primary forest (a), the secondary forest (b), and the planted forest (c) in southern China
following 8 years of N addition. Lines represent significant least-squares linear regression fits, with
goodness of fit (r2) and P values reported above the lines. Error bars show SE (n = 3).

Fine root N content (%) ranged from 0.63% to 1.47% in control plots in these forests
and were elevated by 21% after high-N treatment in the primary forest, and by 37%
and 35% after medium-N treatments in the secondary forest and in the planted forest,
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respectively (Figure 4a). Fine root 15N signature (‰) was elevated significantly from−3.3 to
−1.8 by high-N treatment in the primary forest, from −4.7 to −3.1 and −2.9 after low-N
and medium-N treatments in the secondary forest, and from −4.4 to −2.9 by medium-N
treatments in the planted forest (Figure 4b; all p < 0.05). Fine root C:N ratio decreased
significantly from 32.3 to 31.2 in high-N plots in the primary forest, and from 38.2 to 27.4 in
medium-N plots in the planted forest (Figure 4c). Fine root 13C signature averaged−28.2 in
these forests, and was increased significantly by N treatments in the secondary and the
planted forests (all p < 0.05; Figure 4d). On the other hand, fine root P content decreased
significantly only after high-N treatment in the primary forest, resulting in significantly
lower fine root N:P ratio (Figure 4f).
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Figure 4. Fine root N concentration (%, a), 15N signature (‰, b), C:N ratio (c), 13C signature (‰, d),
P concentration (%, e), and N:P ratio (f) after 8 years of low-N, medium-N, and high-N treatments
in the three forests of southern China. 15N signature of N source (NH4NO3) was 3.6‰ (±0.03‰).
Different lowercase letters indicate significant differences among treatments (p < 0.05). Error bars
show SE (n = 3).

Fine root Fe increased by 88% following high-N treatment with respect to that
in the control in the primary forest (Table 2). Increases in fine root Fe corresponded
with increases in soil exchangeable Fe3+ in this forest (Table 3). In the secondary forest,
fine root Al and Fe concentrations increased significantly following low-N treatment
(Table 2); fine root K in this forest increased in both low-N and medium-N treatments
(Table 2). In contrast, in the planted forest, no significant responses in fine root cation
concentration were observed (Table 2). Fine root Ca:Al molar ratio averaged 0.5, 1.0, and
0.7 in control plots in the three forests, respectively, and was not significantly altered by
N treatment in any forest (Table 2).
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Table 2. Fine root K, Na, Ca, Mg, Al, and Fe concentrations and Ca:Al molar ratio. Unit is mg g−1

fine root dry mass. Different lower case letters indicate significant difference between treatments in
each forest (One-way ANOVA, LSD test, p < 0.05).

Forest Treatment K Na Ca Mg Al Fe Ca:Al
Molar Ratio

Primary forest

Control 3.0 (0.2) 0.2 (0.1) 2.3 (0.1) 0.9 (0.1) 3.6 (0.5) 2.6 (0.4) a 0.5 (0.1)
Low-N 4.1 (0.7) 0.2 (0.1) 2.7 (0.4) 0.9 (0.1) 5.8 (1.5) 3.3 (0.6) ab 0.7 (0.2)

Medium-N 3.0 (0.6) 0.3 (0.1) 2.5 (0.4) 0.9 (0.1) 4.6 (0.8) 3.6 (0.4) ab 0.5 (0.2)
High-N 2.3 (0.3) 0.4 (0.1) 2.4 (0.6) 0.8 (0.1) 3.2 (0.6) 4.9 (0.3) b 0.6 (0.2)

Secondary forest
Control 0.9 (0.2) a 0.2 (0.1) 1.8 (0.5) 0.6 (0.1) 1.9 (0.5) a 0.6 (0.2) a 1.0 (0.4)
Low-N 1.8 (0.2) b 0.4 (0.1) 2.2 (0.4) 0.7 (0.1) 4.0 (0.3) b 1.7 (0.2) b 0.4 (0.1)

Medium-N 1.8 (0.3) b 0.3 (0.1) 2.3 (0.2) 0.8 (0.1) 2.6 (0.4) ab 1.2 (0.3) ab 0.7 (0.1)

Planted forest
Control 2.3 (0.6) 0.4 (0.1) 3.3 (0.6) 1.1 (0.2) 3.8 (1.0) 1.5 (0.1) 0.7 (0.1)
Low-N 2.5 (0.6) 0.6 (0.1) 3.9 (0.8) 1.0 (0.2) 4.8 (1.2) 2.6 (0.5) 0.6 (0.1)

Medium-N 3.6 (0.8) 0.8 (0.3) 4.3 (0.7) 1.3 (0.2) 4.4 (0.8) 2.1 (0.6) 0.7 (0.1)

Table 3. Soil exchangeable cation concentrations, Ca:Al molar ratio and Al/(Ca + Mg). Unit is
mmol kg−1 dry soil. Different lower case letters indicate significant difference between treatments in
each forest (One-way ANOVA, LSD test, p < 0.05).

Forests Treatment H+ K+ Na+ Ca2+ Mg2+ Al3+ Fe3+
Ca:Al
Molar
Ratio

Al/
(Ca + Mg)

Primary forest

Control 28.3 (3.9) a 2.6 (0.6) 1.0 (0.1) 2.8 (0.3) a 0.8 (0.08) a 29.1 (2.1) 1.8 (0.1) a 0.10 (0.01) 8.2 (0.6)
Low-N 35.0 (4.1) ab 3.4 (0.4) 0.8 (0.1) 2.4 (0.3) ab 0.7 (0.08) ab 30.2(1.8) 2.1 (0.1) ab 0.08 (0.01) 10.3 (1.0)

Medium-N 42.6 (4.3) b 3.4 (0.3) 0.9 (0.1) 1.3 (0.1) b 0.4 (0.03) b 28.9 (1.6) 2.3 (0.2) ab 0.10 (0.01) 7.6 (0.3)
High-N 44.0 (5.1) b 3.2 (0.4) 0.9 (0.1) 1.0 (0.2) b 0.3 (0.06) b 31.5 (2.2) 2.5 (0.2) b 0.09 (0.01) 8.8 (0.9)

Secondary forest
Control 23.7 (4.6) 2.0 (0.1) 0.7 (0.1) 2.4 (0.2) 0.6 (0.06) 20.8 (1.5) 1.1 (0.1) 0.12 (0.01) 6.9 (0.4)
Low-N 30.4 (5.1) 2.0 (0.1) 0.8 (0.1) 2.3 (0.1) 0.6 (0.05) 20.7 (1.0) 1.2 (0.1) 0.11 (0.01) 7.1 (0.4)

Medium-N 35.5 (2.9) 2.1 (0.1) 0.8 (0.1) 2.2 (0.2) 0.6 (0.05) 21.3 (1.6) 1.2 (0.1) 0.11 (0.01) 7.8 (1.1)

Planted forest
Control 33.3 (6.1) 1.7 (0.1) a 0.7 (0.1) a 2.7 (0.1) 0.6 (0.02) a 24.9 (2.4) 0.9 (0.1) 0.12 (0.02) 7.8 (0.9)
Low-N 37.4 (6.3) 1.6 (0.1) b 0.6 (0.1) ab 2.8 (0.2) 0.5 (0.02) ab 25.3 (0.9) 1.0 (0.1) 0.11 (0.01) 7.8 (0.6)

Medium-N 40.7 (6.4) 1.6 (0.1) b 0.5 (0.1) b 2.6 (0.1) 0.5 (0.01) b 22.1 (0.9) 0.8 (0.1) 0.12 (0.01) 7.2 (0.5)

3.3. Soil Responses

Soil pH values averaged 3.76, 3.88, and 3.88 in the primary, the secondary, and the
planted forests, respectively (Figure 5a). Base cations accounted for on average 8% of total
exchangeable cations in all the three forests (base saturation, BS, sum of K+, Na+, Ca2+,
Mg2+, Figure 5b). Cation exchange capacity (CEC) ranged from 80 to 130 mmolc kg−1,
and was highest in the primary forest (Figure 5c). Consistent with the low pH values of
these soils, exchangeable cation pools were dominated by Al3+ in all three forests, followed
by H+, with Al3+ proportioned 48% to 89% and H+ proportioned 17% to 29% (Table 3;
Figure 6). Soil Ca:Al molar ratio averaged 0.1, 0.12, and 0.12 in control plots in all three
forests (Table 3). The Al3+/(Ca2+ + Mg2+) averaged 8.2, 6.9, and 7.8 in control plots in the
three forests (Table 3).

After 8 years of N additions, soil pH decreased by 0.06 pH units after high-N treatment
in the primary forest (p = 0.043; Figure 5a) and by 0.115 pH units after low-N treatment in
the planted forest (p = 0.04; Figure 5a). Base saturation in all three forests showed decreasing
trend, but failed to be significant (Figure 5b). CEC became significantly higher after high-N
treatment only in the primary forest (p = 0.04; Figure 4c). No significant responses of BS or
CEC to N treatments were found in other treatments or forests (Figure 5). Soil exchangeable
H+ increased significantly by 50% and 55% following medium-N and high-N additions in
the primary forest (p = 0.028 and 0.022; Table 3). Soil Fe3+ increased by 34% after high-N
treatment in the primary forest (p = 0.015; Table 3). In contrast, soil exchangeable Ca2+ and
Mg2+ decreased by 54%, 64% and 50%, 63% following medium-N and high-N treatments
in this forest (p = 0.015, 0.01, 0.024, 0.02, respectively; Table 3). In the planted forest,
soil exchangeable K+ and Mg2+ decreased following low-N and medium-N treatments
(p = 0.04 for both; Table 3). No other significant responses were found in either forest,
including soil exchangeable Al3+, Ca:Al molar ratio or Al3+/(Ca2+ + Mg2+) (Table 3).
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Relative proportion of H+, Al3+, Fe3+, and base cations to total exchange cation capacity
was not significantly changed by N treatments at any N level in any forest (Figure 6).
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Figure 5. Soil pH (a), base saturation (BS, %, b), cation exchange capacity (CEC, c) in the primary
forest, the secondary forest, and the planted forest in southern China after 8 years of N additions.
Different lowercase letters indicate significant differences among treatments (p < 0.05). Error bars
show SE (n = 3).

3.4. Relationships between Fine Root and Soil Responses

To discern the mechanisms behind fine root response and detect the relationship
between fine roots and soil responses, we correlated fine root biomass, necromass, and live
fine root proportion with related soil and fine root parameters (Table 4). In the primary
forest, fine root biomass negatively correlated with fine root Fe concentrations (p < 0.05;
Table 4), while fine root necromass negatively correlated with soil pH (p < 0.05; Table 4).
In the planted forest, fine root biomass correlated positively with soil exchangeable Ca2+

concentration (p < 0.05; Table 4) and Ca:Al ratio (p < 0.01; Table 4), negatively with soil
exchangeable Al3+ (p < 0.05; Table 4) and Al3+/(Ca2+ + Mg2+) ratio (p < 0.01; Table 4).

Table 4. Pearson’s correlation coefficients among soil and fine root variables.

pH Soil Ca2+ Soil Mg2+ Soil Al3+ Soil Fe3+ Ca:Al Ratio Al/
(Ca + Mg) Root Ca Root Mg Root Al Root Fe

Primary forest
Biomass 0.031 0.061 0.007 0.067 −0.159 −0.036 0.122 0.052 0.386 0.140 −0.463 *

Necromass −0.410 * 0.467 * 0.512 * 0.302 0.111 0.231 −0.294 0.216 0.033 0.004 −0.038
Live proportion 0.301 −0.411 −0.462 * −0.229 −0.117 −0.267 0.318 −0.217 0.247 0.114 −0.248

Secondary forest
Biomass −0.088 −0.367 -0.314 0.08 0.23 −0.442 0.449 −0.366 0.145 0.346 0.65 **

Necromass −0.456 −0.05 0.015 0.176 −0.165 −0.271 0.124 −0.191 −0.539 * −0.113 −0.23
Live proportion 0.421 −0.214 −0.252 −0.083 0.151 −0.112 0.17 −0.172 0.428 0.194 0.436

Planted forest
Biomass 0.300 0.525 ** 0.015 −0.546 * 0.372 0.625 ** −0.669 ** −0.034 −0.423 −0.269 −0.321

Necromass −0.32 −0.183 −0.04 −0.113 0.181 −0.054 −0.009 −0.423 0.145 −0.035 −0.08
Live proportion 0.296 0.515 * 0.097 −0.219 0.253 0.419 −0.401 0.326 −0.357 −0.168 −0.104

**. Correlation is significant at the 0.01 level (2-tailed). *. Correlation is significant at the 0.05 level (2-tailed).
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When examined specifically, fine root Fe concentration explained around 20% variation
in fine root biomass decreases in the primary forest (p = 0.04, Figure 7a). On the other hand,
soil pH decreases in this forest contributed around 13% of fine root necromass increases
in this forest (p = 0.046; Figure 7b). In the planted forest, we showed fine root biomass
decreased significantly with soil exchangeable Al3+ (25% explanation p = 0.019; Figure 7c),
and Al3+/(Ca2+ + Mg2+) ratio (41% explanation, p = 0.002; Figure 7d).
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Figure 6. Effects of 8 years of N addition on the relative proportion (%) of soil exchangeable H+, Al3+,
and Fe3+ and base cations (at an equivalent basis; sum of K+, Ca2+, Na+, Mg2+) at 0–10 cm mineral
soils in the primary forest, the secondary forest, and the planted forest in southern China.
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Figure 7. Relationships between fine root Fe concentration (mmol kg−1) and fine root biomass
(g m−2, a), soil pH and fine root necromass (g m−2, b) in the primary forest, and between soil
exchangeable Al3+ (mmol kg−1, c), Ca:Al ratio (d), and fine root biomass (g m−2) in the planted forest
in southern China after 8 years of N treatment.

4. Discussion

Our results showed that eight years of N additions resulted in lower fine root vitality
(live fine root proportion) in the N-saturated primary forest, which was the result of
decreased fine root biomass, but increased fine root necromass. The declining fine root
vitality occurred in association with soil pH decline and fine root Fe accumulation, which
reflected the pattern of soil exchangeable Fe3+ mobilization accompanying decreased soil
pH. These response patterns of fine root biomass decrease in association with soil pH
decline were also reflected in the long-term trend of changes in fine root biomass and soil
pH in these study sites. Furthermore, soil exchangeable Ca2+ and Mg2+ also decreased after
N treatments, although fine root Ca and Mg concentration failed to respond significantly.
In fact, chemistry analysis of soil drainage solution from this experiment also showed a
great decrease in pH of soil solution at 20 cm depth (as large as 0.2 units), with greater
mobilization of base cations (Ca2+, Mg2+) draining with NO3

− to deeper soils [43]. Given
the rather low soil pH (3.76~3.88) and low base saturation of average 8% in these forest soils,
we suggested soils and fine root growth and vitality in these forests to be rather sensitive
to further N or acid input. Results from this study and companion studies evidenced that
chronic N deposition can accelerate soil acidification, driving soil Ca2+ and Mg2+ deficiency,
with uniqueness of minor Al3+ response, but with Fe3+ mobilization in some tropical



Forests 2022, 13, 1328 13 of 20

forests [28,43], which could have been negative for fine root growth and vitality therein.
This is different from the often observed N-induced Al3+ mobilization in temperate/boreal
forests. In this study, we will focus on fine root responses. For more detailed depiction of
soil acidification responses, please refer to our parallel studies of [26,28,43].

4.1. Historical Trend in Soil pH Changes and Fine Root Biomass in the Three Tropical Forests

Soil pH in all three forests showed significant decreases from 1980s to 2010s, as shown
in Figure 1. The decrease rates were highest in the planted forest (−0.035 units per year),
followed by that in the primary forest (−0.032 units per year) and the secondary forest
(−0.026 units per year). These rates are comparable to or slightly higher than those es-
timated for forest soils across China which showed −0.02 units change in pH per year
from 1981–1985 to 2006–2010 in south central China including Guangdong province [44].
Our rates were also comparable to what was estimated for evergreen broadleaved forests
(−0.025 units per year from 1980s to 2000s) which dominated in our primary forest and sec-
ondary forest in Dinghushan [45]. These decreasing trends could be driven by high ambient
N deposition in this region in southern China (bulk deposition, 33 kg N ha−1 yr−1) [25].
To test this hypothesis, we examined the relationship between soil pH and wet/bulk de-
position during 1980s to 2010s [41]. It was indicated that soil pH negatively correlated
with the strength of ambient N deposition in two of our study forests, suggesting the
differences in atmospheric N deposition can partially explain the soil pH decreasing trend.
In fact, on average, 0.36 units decrease in soil pH was detected in China’s forest soils
in the period of 1981–1985 to 2006–2010, with the most serious pH decline in southwest
China (0.63 pH units), followed by northeast China (0.55 pH units) and south central China
(0.50 pH units) [44]. By dividing sources, they found acid input from atmospheric deposi-
tion (84% explanation) as the most important factor in the pH decline, against forest growth
and harvest [44]. Thus, high ambient N deposition could have contributed to historical
soil pH decline in our studied forests. Dry N deposition could also have contributed to
regional soil pH decline, since it can form a proportion of 9.6 to 53.6% (average 23.5%) to
total N deposition across China [46]. Thus, it is highly possible that dry N deposition could
promote soil acidification processes [26,47]. However, this was not evaluated in this study
due to paucity of data.

Soil pH decline in these tropical forests implied that they had experienced obvious
and continuous soil acidification driven by various factors [44]. In fact, national scale soil
acidification has been detected in various types of ecosystems in China, including crop
lands [48], grasslands [49], broadleaved forests [45], and forests in general [44]. Drivers for
forest soil acidification mainly include acidic and N, S deposition, soil base cation depletion
driven by forest growth, and high precipitation [45]. Acidic and N, S deposition can drive
soil base cation leaching and depletion. Forest growth, especially high-nutrient-demanding
secondary and young planted forests, will sequester large amounts of base cation nutrients
into wood biomass. High precipitation has become more frequent across China, which will
enhance base cation leaching from surface soil [50]. Thus, these factors combined could
reduce soil base cations in forest soils, which will weaken the buffering capacity of soils
and lead them to be more sensitive to external acid input.

Furthermore, a long-term decreasing trend in fine root biomass was also detected in
our study forests. In the primary and the secondary forest, fine root biomass in the surface
soil decreased by 26% to 66% when compared to that of two decades ago in 1993 [42].
In addition, both live (88 g m−2, 0–10 cm, 2011) and total fine root biomass (125 g m−2,
0–10 cm, 2011) determined in this study are at the low end of ranges reported from other
undisturbed lowland tropical forests. They exceeded only one study from tropical forests
in La Selva, Costa Rica (live, 74 g m−2, total, 85 g m−2, 0–20 cm depth) [51]. The decreasing
trend (Figure 2) and relatively smaller amount of fine root biomass compared to other
tropical forests could be related to historical decreasing soil pH and severing soil acidity
herein. In all three forests, soil pH decreased by −0.032, −0.026, and −0.035 units per year
from 1980s to 2014 in these forests (Figure 1). The co-occurring decreasing soil pH and fine
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root biomass implied that soil acidification may have to some extent contributed to long-
term fine root biomass decline. Soil acidification can be toxic to fine root growth. Forest soil
acidification, often accompanied by elevated Al release from solid phase, was considered
to be a major stress to tree fine root growth in forests [52]. Al toxicity is considered to be a
predisposing factor in forest decline that reduces root growth and inhibits uptake of mineral
nutrients, evidenced by 45Ca uptake studies [11]. In solution culture, root growth was
inhibited by levels of Al similar to those found in forest soils [53]. Al interferes with root
uptake of mineral nutrients. Conversely, Ca and Mg can ameliorate the adverse effects of
Al [54]. Thus, the Al concentration itself was not most important; the molar ratio between
Ca and Al mattered most (Ca:Al molar ratio) [11]. Thus, it was possible that long-term high
ambient N deposition in Dinghushan in southern China had enhanced soil acidification,
driven by Al or other heavy metal toxicity in regards to fine root growth, resulting in
decreasing fine root biomass compared to that of 1990s in these study forests [43].

4.2. Effects of Long-Term N Additions on Fine Root Biomass and Vitality in the Primary Forest

The field N addition experiments in the three typical forest types in Dinghushan
commenced in 2003, and were the first forest stand scale N manipulation experiment in
China [31]. Two years of N additions from this experiment resulted in significant decreases
in fine root biomass from 124 g m−2 in control plots to 50 g m−2 in high-N plots in the
primary forest [9]. In this study, 8 years of N treatment also drove decreases in fine root
biomass in the primary forest, from 88 g m−2 in control plots to 58 g m−2 in high-N plots.
Furthermore, we detected accumulated fine root necromass after N treatments. These
responses together resulted in significantly lower fine root vitality in the primary forest. We
suggest four possible underlying mechanisms behind the N-driven lower fine root vitality
in this N-saturated forest.

First, it may have occurred through N-induced decreasing soil pH, which may have
been toxic to fine root growth. Elevated N inputs can further acidify soils, resulting in lower
fine root vitality (live fine root proportion) [12,14], being unhospitable for fine root growth
therein [26,27,55]. In Norway spruce stands in Sweden, acidification caused by addition of
ammonium sulfate resulted in faster rates of root death [56,57]. Our results support this
observation, with soil pH decreasing significantly with N addition in the primary forest
(by 0.06 units after high-N treatment; Figure 5a). In fact, we also observed significant pH
decline following medium-N and high-N treatment in soil solution collected during May
2009 to July 2010 in the primary forest at 20 cm depth (decrease from 3.81 in the control
to 3.77 and 3.69 in medium- and high-N treatments) [43]. This declining soil pH might
have been toxic to fine roots. This was further confirmed by the significantly negative
correlation between soil pH and fine root necromass in the primary forest (Figure 6; Table 4),
suggesting the potential causal relationships between N-lowered soil pH and higher fine
root mortality. Higher fine root mortality was reflected by the significantly lower fine root
biomass, but higher fine root necromass occurred with N additions.

Second, possibly retarded dead fine root decomposition could also have contributed
to higher fine root necromass in this primary forest. We found support from our mea-
sured fine root N content and fine root C:N ratio, which both are the key to fine root
decomposition [58]. Fine root N content was significantly elevated by 17, 27, and 26%
when compared to those of controls in the primary, the secondary, and the planted forests
(Figure 4a). Given that the carbon content of fine roots was not significantly changed, this
resulted in significant decreases in fine root C:N ratio in the primary and the planted forest
after high-N and medium-N treatments. Fine roots (<2 mm), especially lower-order roots,
are characterized by higher N concentration, shorter life span, fewer total nonstructural
carbohydrates, and more recalcitrant acid-insoluble carbohydrates (acid-insolubles) than
higher-order roots [59]. These combined factors resulted in their slower decomposition
rates when compared to higher-order roots. Nitrogen treatment further enhanced fine root
N concentrations, which will inhibit their decomposition [60]. Inhibition of deposition by
high N has been widely detected in both foliage and fine roots [61,62], possibly due to
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high N suppression on ligninase activity or promotion on humus formation [58,60]. Fine
root C:N ratio, on the other hand, reflected the balance between C and N availability on
influencing fine root decomposition. The “C limitation hypothesis” on fine root decompo-
sition posits that low carbon quality (fewer total nonstructural carbohydrates, but more
acid-insolubles) of lower-order roots retarded root decomposition by limiting C availability
to microbes [63]. Thus, our results of lower fine root C:N ratio after N addition (18% and
28% decreases in the primary and the planted forests, respectively; Figure 4c) implied even
lower C availability and quality relative to N to microbes, causing severer C limitation and
inhibition for fine root decomposition [58]. This, combined with higher fine root mortality,
leads to accumulated fine root necromass as observed. Meta-analysis on N deposition
effects on fine roots in forests also revealed that simulated nitrogen deposition significantly
increased fine root N content (+17.6%), but did not affect C content, and thus decreased the
fine root C:N ratio (by 13.5%) [64].

Third, Fe mobilization appeared to have been toxic to fine root growth in our primary
forest. Iron functions to accept and donate electrons and plays important roles in the
electron-transport chains of photosynthesis and respiration. However, iron can be toxic
when it accumulates to high levels. It can act catalytically via the Fenton reactions to gener-
ate hydroxyl radicals, which can damage lipids, proteins, and DNA. In this study, fine root
Fe concentration almost doubled after N additions in the primary forest (from 2.6 mg g−1

fine root in the control to 4.9 mg g−1 fine root in high-N plots, Table 2), corresponding with
the observed soil Fe3+ mobilization (34% increase, Table 3). Soil pH of our primary forest
dropped from 3.77 (control) to 3.71 (high N), largely lower than 4.5, below which Fe3+ is
released and contributes to soil acidity buffering [65]. Eight years of N additions in our
primary forest acidified soil to pH 3.71, and increased soil extractable Fe3+ to 2.5 mmol kg−1

(Figure 2), exceeding the value of 1.78 mmol kg−1 (at pH 3.7) determined to be toxic to
plant roots [66]. Fe toxicity to fine roots in our primary forest was further corroborated
by the significant negative relationship between fine root Fe concentration and biomass
(Figure 7a), implying that Fe toxicity happened to some extent to fine root growth, resulting
in fine root biomass decreases. This is different from what had been observed in temperate
and boreal forests, where N-induced soil Al3+ mobilization, and to a lesser extent, Fe3+

mobilization, have been related to inhibition of fine root or shoot growth [13,65]. Bowman
et al. [65] reported that N addition to an alpine grassland ecosystem with a long legacy of
acid deposition resulted in base cation and Al3+ depletion, but increases in extractable Fe3+,
with soil pH being 3.3 to 3.5, resulted in reduced vascular plant biomass. Conditions of Al
stress are corroborated by fine root Ca/Al molar ratios of 0.2–0.5 and are strongly indicated
by 0.1 or less [13,52]. Fine root Ca:Al molar ratios in the three study forests averaged overall
0.6, but with 47% of fine root samples having values lower than 0.5. Thus it is possible that
fine roots in these forests also experienced some extent of Al toxicity in addition to Fe.

Finally, nutrient imbalance of too low P and K content in fine roots could have con-
tributed to lower fine root vitality in these forests. Nitrogen to phosphorus ratio of fine roots
became as high as 53 in high-N plots in the primary forest (Figure 4f), indicating severe P
limitation to fine root growth and vitality [67]. Fine root K deficiency, indicated by the rela-
tive proportion of N to other nutrients (Table A1), might also have some contribution [13].
Soil base saturation in all three forests was among the lowest ever reported for tropical or
temperate ecosystems. Decreasing trend of BS following N addition was observed in all
forests (Figure 5). Reductions in fine root length and biomass of naturally grown young
beech trees (Fagus sylvatica L.) were found in plots with lower base saturation, but higher
N deposition was found along the gradient of 26 forest plots differing in base saturation
and nitrogen deposition [68], and the authors suggested that fine roots of Fagus sylvatica
are impaired by low base saturation. Meanwhile, we failed to detect any significantly
lower fine root cation concentrations following N treatment in either forest, which could be
related to base cation availability in soil solutions that are accessible for fine roots to take up.
Indeed, soil solution chemistry at 20 cm depth in this forest during May 2009 to July 2010
was monitored, and it showed that base cation concentrations, including Ca2+ and Mg2+,
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mostly showed no responses to various N treatments, except one large decrease in Ca2+ in
high-N plots when compared to the control on December 2009. This might be related to less
plant uptake, lower precipitation, and subsequent dilution effects on cation concentrations.
Furthermore, significant decreases in soil solution pH (from 3.81 in the control to 3.69 in
high-N plots), but increases in Al3+ concentration (highest value 422 µM) were observed in
some months [43], which could also have been toxic to fine root growth [11].

4.3. Effects of Long-Term N Additions on Fine Root Biomass and Soil Cation Conditions in the Two
Younger Forests

In the two younger forests, we failed to observe significant changes in fine root biomass,
necromass, or live fine root proportion (vitality) after 8 years of N additions. This is different
from many studies which showed decreases in fine root biomass [2] or vitality (live fine
root proportion) accompanying N-driven obvious soil acidification [14,69]. It was notable
that most of these results came from research in N-limited ecosystems, where additional N
alleviates or eliminates N limitation, leading to less investment in fine roots for N uptake.
In our study, lack of fine root responses to N additions suggested a less important role
of N in influencing plant growth in the two younger forests. Previous results from this
experiment showed positive responses for litter decomposition and litter production in
the secondary and the planted forests to short-term N additions [31,70]. It appeared that
high ambient N deposition may have reduced N limitation in these two younger forests,
especially the planted forest, where soil pH significantly decreased by 0.11 units (Figure 4).
Soil exchangeable K+ and Mg2+ also decreased significantly in the planted forest (Table 3).
Fine root biomass in the planted forest also negatively correlated with soil exchangeable
Al3+ and positively correlated with soil exchangeable Ca:Al molar ratio (Table 2; Figure 7),
implying the possible interactive relationship between these parameters. In the mixed
forest, significantly higher fine root K, Al, and Fe concentration following medium N
treatment were observed (Table 2), which cannot be explained by soil exchangeable cation
concentration remaining unchanged. Fine root uptake of these elements from soil solutions
is possible to contribute and deserves further examination.

We also observed significant decreases in soil exchangeable K+, Na+, and Mg2+ (all of
0.1 mmol/kg decreases in the planted forest (Table 3), in contrast to no effects of shorter-
term (2 years) N addition on base cations in either of the younger forests [26]. The lack
of responses was attributed to retention of additional N by strong plant demand [26].
However, after a longer period of N treatment, substantial dissolved inorganic nitrogen
(DIN, ammonium plus nitrate) leaching occurred in the planted forest [32], with 38%
and 43% of added N leaching out during 2004 to 2006 in low-N and medium-N plots,
respectively. Thus more cations should have leached together with DIN in the planted forest.
Overall, the planted forest, not the secondary forest, started to show soil exchangeable
base cation depletions (K+, Na+, Mg2+) after 8 years of N additions, resembling what was
found in the primary forest after 2 years of N treatments [26]. At the Harvard forest, USA,
long-term (15 years) NH4NO3 inputs drove the red pine plantation to reach N saturation
earlier than a mixed hardwood stand [71]. These results combined implied that pure conifer
plantations could be more prone to adverse effects caused by further N input and may
develop faster along the N saturation stages than secondary forests.

5. Implications

A previous study quantifying soil organic C content over two decades in our primary
forest demonstrated an accumulation of soil C at rates of 54 g C m−2 yr−1 (0–20 cm depth
of mineral soil) [72]. Although reasons for this accumulation remain uncertain, accelerated
soil acidification induced by N deposition may be an indirect factor contributing to soil C
accumulation. Previous study in the same N addition experiment suggested a 9% reduction
in soil respiration would be enough to explain the observed accumulation of soil C if
dissolved C losses remain unaltered [32]. In fact, 14% decrease in soil respiration was
detected in high-N plots after 2 years of N addition in the primary forest [9], which could
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have contributed at least partly to the observed C accruement in this forest [72]. In the
present study, we found that eight years of N addition led to an increase of 21 to 29 g m−2

in dead fine root mass (Table 3), suggesting that increased N input may drive more dead
fine root biomass contribution to the soil carbon pool. To compensate for reduced fine root
biomass and to maintain nutrient uptake, fine root production and turnover rates might
be enhanced after N treatment in our primary forest, which deserves further study. These
responses cannot yet be observed in many other lowland tropical forests, where ambient
N deposition is lower and soils are not as acidified as our studied forest [73], and in some
aggrading tropical forests like the two younger forests we studied here, where great plant
demand for N may delay such a response. Nevertheless, with increasing N deposition
widespread in the tropics, the response of belowground processes deserves more attention
for better understanding of how N deposition affects tropical forest ecosystems under
global climate change.

6. Conclusions

In conclusion, N fertilization for 8 years resulted in forest-type-dependent responses
of both fine root growth and related soil parameters in our three studied tropical forests
different in initial soil N status. Specifically, most significant responses were observed in
the N-saturated primary forest, where N treatments resulted in significantly lower fine root
vitality (live fine root proportion) derived from decreased fine root biomass but increased
fine root necromass. This declining fine root vitality was associated with fine root Fe
accumulation, soil pH decline, and soil exchangeable Fe3+ mobilization, but Ca2+ and Mg2+

depletion after N treatments in the primary forest. In contrast, no effects of N addition on
fine root vitality were observed in either young forest, despite the significantly negative
correlation between fine root biomass and soil exchangeable Al3+ and Al3+/(Ca2+ + Mg2+)
ratio in the planted forest. Moderate but significant decreases in soil pH and soil exchange-
able K+ and Mg2+ were also found after N treatment in the planted forest. We suggest that
long-term N fertilization to highly acidified tropical forests may negatively affect fine root
growth, via severed soil acidification, Fe mobilization, and base cation depletion.
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Appendix A

Table A1. Nutrient weight proportions (N = 100) in living fine roots (<2 mm in diameter) in the 0–10 cm
depth of mineral soil in the three forests in Dinghushan in southern China. According to Ingestad (1979),
the optimum weight proportions are 100 N:15 P:45 K:6 Ca:6 Mg for Picea abies seedlings.

Forest Treatment Root N Root P Root K Root Ca Root Mg

Primary forest Control 100 3.0 (0.5) 21.5 (2.6) 16.1 (1.6) 6.4 (0.9)
Low-N 100 2.7 (0.4) 28.8 (5.5) 26.0 (3.6) 6.0 (0.6)

Medium-N 100 2.6 (0.2) 19.9 (3.1) 17.2 (3.3) 6.3 (0.7)
High-N 100 2.0 (0.2) 12.7 (1.5) 13.7 (4.1) 4.4 (0.6)

Secondary forest Control 100 3.9 (0.9) 16.2 (5.2) 37.5 (12.8) 12.1 (4.0)
Low-N 100 3.3 (0.3) 26.8 (2.8) 32.9 (6.2) 11.3 (2.3)

Medium-N 100 3.0 (0.4) 21.9 (4.8) 28.0 (4.0) 9.5 (1.1)
Plantation forest Control 100 2.7 (0.5) 20.2 (7.3) 27.4 (6.6) 9.5 (3.0)

Low-N 100 3.1 (0.6) 18.2 (3.6) 30.0 (6.5) 7.6 (1.6)
Medium-N 100 2.0 (0.5) 18.8 (5.9) 22.2 (5.7) 7.1 (2.4)
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