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A B S T R A C T   

High nitrogen (N) and phosphorus (P) availability has significant influence on microbial-driven soil carbon (C) 
sequestration. Microbial residues are a significant contributor of soil stable C pool, their distribution among 
aggregate fractions determines long-term soil C stability. However, very little is known about the interactive 
effects of N and P fertilization on soil microbes, especially their residues, at aggregate scale in plantation eco-
systems. Since 2012, a field-manipulated experiment with N (200 kg N ha− 1 year− 1) and/or P fertilization (50 kg 
P ha− 1 year− 1) has been conducted to examine their interactive effects on microbial community and residues in 
bulk soil and three soil aggregate fractions: large macroaggregates (>2 mm, LMA), small macroaggregates 
(0.25–2 mm, SMA), and microaggregates (<0.25 mm, MA) in a subtropical Chinese fir (Cunninghamia lanceolata) 
plantation. Results showed that N and P fertilization, either individually or in combination, decreased microbial 
biomass of bulk soils to a similar extent (by up to 37.0%). This reduction was due to the decreased bacterial 
biomass in SMA and MA and fungi in LMA. By contrast, adding N and P fertilizer together (NP) significantly 
stimulated fungal residues in SMA and further redistributed microbial residues from LMA to SMA, although 
single fertilization had no effects on microbial residues or their distribution. Changes in root biomass moderated 
the direct effects of fertilization on aggregate-associated microbial groups and the indirect effects of NP fertil-
ization on microbial residue distribution. Together, our results provide new insights into the microbial mecha-
nisms through which multiple fertilization control soil C persistence in subtropical plantation. These findings 
highlight that separating bulk soil into distinct aggregate fractions and considering the interactive effect of N and 
P fertilization are needed to predict the soil C dynamics under fertilization.   

1. Introduction 

Fertilization is an important silvicultural management practice to 
stimulate plant growth, and the stimulation is notably greater when 
adding mineral nitrogen (N) and phosphorus (P) fertilizer together [15, 
19]. Soil organic carbon (SOC) in forest ecosystems, accounting for more 
than 70% of global SOC [37], determines long-term ecosystem pro-
ductivity and contributes to climate change mitigation [36,41]. How-
ever, compared with the relatively consistent response of plant 
productivity to fertilization, SOC response, especially to combined N and 
P fertilizers (NP), remains largely unknown in forest ecosystems 
(reviewed in Fang et al. [11]). Given that ecosystems almost always 

simultaneously experience inputs of N and P [31] and results from 
single-fertilizer experiments poorly predict the interactive effects of N 
and P [7], it is essential to understand how N interacts with P fertilizer to 
affect SOC sequestration to improve the integrated nutrient manage-
ment of forest ecosystems. 

SOC sequestration is mainly associated with the catabolic and 
anabolic activity of microbes [20]. Living microbes decrease SOC 
sequestration via mineralizing organic substrates into CO2, but dead 
microbial biomass increase it via continuously accruing microbial resi-
dues in the relatively slow-cycling carbon (C) pool [28,34]. Such resi-
dues are increasingly recognized as a major determinant of stable SOC, 
contributing up to 65% of SOC in forests [20,29,30]. Thus, 
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simultaneously examining microbial biomass and residues can improve 
our mechanistic understanding of SOC response to fertilization. 
Numerous studies have suggested that N fertilizer generally decreases 
microbial biomass and fungi-to-bacteria (F/B) ratio determined by 
phospholipid fatty acid (PLFA) analyses via enhancing soil acidification 
or C limitation (reviewed in Treseder [43] and Zhou et al. [52]); P fer-
tilizer stimulates soil microbial growth in subtropical forests because it 
alleviates microbial P limitation [17,20], but NP interaction has been 
reported to be additive (the combined effect is equal to the sum of in-
dividual effects) [24,26] or synergistic (the combined effect is greater 
than the sum of the individual effects respectively) [9]. Compared with 
living microbial biomass, microbial residues under fertilization have 
received very limited attention, despite these residues determine 
long-term SOC accumulation and stabilization [20]. Ma et al. [26] found 
that N- and P-only fertilizer stimulated microbial residues and their 
contribution to SOC, and their interaction was synergistic in a sub-
tropical plantation. However, Ma et al. [24] showed that adding N and P 
individually or in combination had no effect on microbial residues or 
their contribution to SOC in a tropical forest. These divergent findings 
may be attributable to different experiment designs (e.g., experimental 
duration and applied nutrient levels), but are more likely due to the 
different linkages among plant, microbes, and soil properties. However, 
current studies on these microbial responses are mainly conducted on 
bulk soil with microbes that are hierarchically distributed within soil 
aggregates receiving less attention. Given that soil aggregates likely 
mediate microbial responses via governing the spatial heterogeneity of 
soil physicochemical characteristics [38,42] and the linkage between 
plant and microbes [45], studying the effects of fertilization on soil 
microbes at finer soil scales is essential to uncover the mechanisms 
underlying these observed microbial responses. 

As the basic element of soil structure, soil aggregates can protect SOC 
including microbial residues against decomposition, increasing its sta-
bility [39]. In turn, microbial residues can help form or stabilize soil 
aggregates, showing a more persistent effect than those of living biomass 
[8]. Generally, macro-aggregates (>0.25 mm) are characterized by 
greater oxygen, water diffusion rate, and labile substrates fostering more 
fungi and fungal residual contribution to SOC [38,42,49]. These ag-
gregates provide shorter protection due to their greater susceptibility to 
physical disruption than micro-aggregates (<0.25 mm) [14]. Therefore, 
microbial residue distribution in aggregates could have a significant 
impact on long-term SOC sequestration. For now, the only forest study 
found that P fertilization decreased microbial residues and their 
contribution to SOC due to enhanced recycling of microbial residues via 
increased activity of residue-decomposing enzymes, and the P effect was 
consistent among aggregate sizes [49]. However, the study did not 
evaluate how microbial residue distribution respond to N and P fertil-
ization, despite the latter strongly influence soil aggregate structure [6, 
44]. Moreover, whether this observation is site- or ecosystem-specific 
remains unclear and needs further validation. 

The Chinese fir (Cunninghamia lanceolata) is a fast-growing and 
commonly planted tree species on lateritic soils in subtropical regions, 
with a planting area accounting for approximately 18.2% of the total 
plantation area in China [27]. However, timber production in Chinese 
fir plantations has been progressively limited by the loss of soil fertility 
with subsequent recommendations for N and P fertilization [51]. 
However, microbial response to these fertilization at aggregate scale 
remains unknown in plantation ecosystems. Here, we conducted a 
six-year field experiment to explore how N and P fertilization, inde-
pendently and interactively, influence microbial biomass and residues at 
bulk and aggregate levels in the soil of a Chinese fir plantation. Micro-
bial residues are routinely quantified by amino sugar analysis, because 
amino sugars are primarily derived from dead microbial cells and are 
relatively biochemically resistant to decay [10,16,23]. We hypothesized 
that (1) P fertilizer would increase microbial biomass and their residues, 
and its positive effect will be greater under N fertilizer (i.e., synergistic 
interaction) because N fertilizer aggravates ecosystem P limitation [18]; 

(2) fertilization-induced changes in plant C allocation and soil chemical 
properties would preferentially alter microbial biomass and residues in 
macroaggregates, thus modifying the distribution of microbial residues. 
Altogether, we aimed to promote the mechanistic understanding of soil 
microbial responses to multiple fertilizers in subtropical plantations. 

2. Materials and methods 

2.1. Site description and experimental design 

The study was conducted at the Huitong Experimental Station of 
Forest Ecology (26◦ 40′N, 109◦ 26′E), Chinese Academy of Sciences, 
Hunan Province in southern China. The site has a subtropical monsoon 
humid climate. The annual mean precipitation is approximately 1200 
mm, of which 60–70% falls between April and August. The annual mean 
temperature is 16.5 ◦C, ranging from 1.9 ◦C in January to 29.0 ◦C in 
July. Soil is predominantly typical lateritic, identified as according to 
the USDA soil classification system. 

A field fertilization manipulation experiment was conducted in a 
five-year-old pure C. lanceolata plantation in 2012 with 3 replicate 
blocks. In this experiment, a randomized block design was used with 
four treatments as follow: control (CT, no N or P), N fertilization (200 kg 
N ha− 1, N), P fertilization (50 kg P ha− 1, P), and N plus P fertilization 
(200 kg N ha− 1 plus 50 kg P ha− 1, NP). A total of 12 plots, with the size of 
10 m × 10 m each, were 80 m away from each other to avoid interfer-
ence. For each fertilizer application, urea and/or KH2PO4 were dissolved 
in 30 L distilled water and sprayed onto the forest floor, using a back-
pack sprayer. The CT plots was applied the same amount of distilled 
water (30 L) without adding any fertilizer. The fertilizers were applied 
once a year in April. 

2.2. Soil sampling and separation of soil aggregates 

Soils were randomly collected in July 2018. Six intact soil cores 
(0–10 cm depth) were sampled from each plot and mixed homoge-
neously to form one composite sample. All roots in the composite sample 
were dried at 65 ◦C and weighed to determine fine root biomass. After 
visible plant residues were removed, each soil sample was sieved (<8 
mm) in the laboratory, and then divided into two subsamples. One 
subsample was further sieved (<2 mm) as bulk soil, half of them was air- 
dried for analysis of soil physicochemical properties and the remain was 
stored at − 20 ◦C for microbial analyses. The other subsamples was 
separated into three aggregate-size by a dry-sieving method [45], which 
can maintain microbial activity and minimize the disturbance of mi-
crobial community during soil fractionation. Briefly, soils (100 g) were 
put on a Retsch AS200 Control (Retsch Technology, Dusseldorf, Ger-
many) with two sieves (0.25 and 2 mm) stacked on each other. After 
isolation, large macro-aggregates (LMA, > 2 mm), small 
macro-aggregates (SMA, 0.25–2 mm), and micro-aggregates (MA, <
0.25 mm) were respectively weighed and then air dried for future use. 
The recovery of soil after fractionation was 98%–99% on average. 

2.3. Soil properties analyses 

Soil C and total N (TN) were analyzed by a C/N analyzer (Elementar, 
Germany). Soil available P (AP) was determined following by molyb-
denum blue colorimetry [22]. Soil pH was determined in a soil water 
solution (1:2.5 w/v). Soil exchangeable cations (Ca2+and Mg2+) were 
measured using the ammonium acetate method. 

2.4. Phospholipid fatty acids (PLFAs) analysis 

Soil microbial communities were quantified by the PLFAs analysis as 
described by Bardgett et al. [2]. Briefly, 5 g of freeze dried soil was 
extracted using a chloroform:methanol:phosphate buffer (1:2:0.8, 
v/v/v). The extracted PLFAs were purified by chromatography on silicic 
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acid columns. After mild alkaline methanolysis, the purified PLFAs were 
then analyzed with a gas chromatograph (Agilent 6850, Agilent Tech-
nologies, Santa Clara, CA, USA) and quantified with 19:0 (methyl non-
adecanoate, C20H40O2) as the internal standard. Fatty acids including 
i14:0, i15:0, a15:0, i16:0, a17:0, i17:0 were considered as Gram-positive 
(G+) bacteria, 16:1w7c, cy-17:0, 18:1w7, cy19:0 were considered as 
Gram-negative (G-) bacteria. Bacterial PLFAs were calculated as the sum 
of G+ bacteria, G-bacteria, and general bacterial PLFAs (including 15:0, 
16:0, 17:0, 18:0 and 20:0 PLFAs). The PLFA, 16:1w5c, was used for 
arbuscular mycorrhizal fungi (AMF); and the PLFAs, 16:1w5c, 18:1w9c, 
and 18:2w6c were used as fungi. 

2.5. Microbial residue analysis 

Microbial residue was assessed by amino sugars following the 
methods of Zhang and Amelung [50]. Briefly, air-dried soils (ca. 0.2 g) 
were incubated with 6 M HCl for 8 h at 105 ◦C, and then the solution was 
filtered, adjusted pH to 6.6–6.8, dried on a rotary evaporator, and 
centrifuged. The supernatant solution was dried on the rotary evapo-
rator again, then the residues were dissolved with 5 mL methanol, 
centrifuged, transformed into a vial and dried using N2 gas. To purified 
amino sugars, the vial was added with aldononitrile derivatives, 
extracted with acetic anhydride and dichloromethane, and removed 
excessive an hydride using 1 M HCl and deionized water. Lastly, sample 
was dried using N2 gas and dissolved with ethyl acetate-hexane (1:1, 
v/v). Amino sugar derivatives were identified on a gas chromatograph 
(Agilent 7820A, Agilent Technologies) equipped with an HP-5 column 
(30 m × 0.25 mm × 0.25 μm). Glucosamine (GluN) is derived mainly 
from fungal chitin, but muramic acid (MurN) is solely synthesized by 
bacteria, hence fungal-derived C as a biomarker of fungal residues was 
calculated by removing bacterial-derived GluN from total GluN, 
assuming that GluN and MurN occur at a 2:1 M ratio in bacterial cells 
[10]. As a result, fungal-derived C (g kg− 1) = (mmol GlcN− 2 × mmol 
MurN) × 179.2 × 9; bacterial-derived C was an index for bacterial 
residues, which was calculated by MurN (g kg− 1) × 45, where 179.2 is 
the molecular weight of GlcN, 9 and 45 are the conversion value of GluN 
and MurN to fungal residues and bacterial ones, respectively [10]. Total 
microbial residues were estimated as the sum of fungal- and 
bacterial-derived C. The percentage contribution of microbial residue 
contents (CMR) in the ith size fractions to the bulk soil (CPi, %) was 
computed based on [40]: 

CPi=Pi × CCi ÷ CC  

where Pi stands for the proportion of aggregates, CCi represents the CMR 
in aggregates at the ith size (mg kg− 1), while CC indicates the CMR in 
bulk soil (mg kg− 1). 

2.6. Statistical analysis 

Two-way Analysis of Variance (ANOVA) was conducted to test the 
effects of N, P, and their interaction on microbial communities and their 
residues in bulk soil and each aggregate fraction. Whenever ANOVA 
yielded significant effects, Duncan test was performed to assess the 
differences among fertilization treatments or aggregate fractions at P <
0.05. Moreover, linear regression were performed using the“lm”function 
in R to estimate the correlations of aggregate-associated microbial 
groups with soil properties and root biomass. A structure equation 
modeling (SEM) was fitted by maximum likelihood estimation to gain a 
mechanistic understanding of how root biomass and soil aggregate 
structure followed by NP fertilization mediated alterations in fungal 
residues and their distribution. The chi-square test (χ2) was used to 
examine the overall goodness of fit for SEM. Non-significant χ2 test (P >
0.05) and χ2/df within 0–2 indicate the SEM is acceptable [33]. The 
SEM analyses was conducted using lavaan package in R 3.4.1. Other 
statistical analyses were performed using SPSS 16.0 (SPSS Inc. Chicago, 

IL, USA) software. 

3. Results 

3.1. Soil properties and root biomass 

Fertilization did not influence SOC in bulk soils and among aggregate 
fractions (P > 0.05; Table 1 and Fig. S1a). However, P fertilization, alone 
and in combination with N fertilization, significantly enriched soil 
available P in bulk soil, with markedly higher value under NP plots (P: P 
< 0.001; N × P: P = 0.014; Table 1). N fertilization significantly 
decreased soil pH by 0.58 unit in bulk soil (P = 0.026; Table 1), and the 
decrease was consistent among different aggregate sizes (all P ≤ 0.001; 
Fig. S1b). Moreover, N fertilization significantly suppressed Ca2+ and 
Mg2+ cations in bulk soil (P = 0.006; Table 1) by lowering them in large 
macroaggregates (LMA) and small macroaggregates (SMA) (P = 0.007 
and 0.001, respectively; Fig. S1c). N and P fertilization significantly 
inhibited root biomass by 43.7% and 42.5%, respectively (both P ≤
0.001; Table 1), with the lowest value noted in NP plots. Meanwhile, N 
fertilization and its interaction with P fertilization significantly 
decreased the proportion of LMA (N: P = 0.014; N × P: P = 0.016) but 
increased that of SMA (N: P = 0.002; N × P: P = 0.005; Table 1). 

3.2. Soil microbial communities 

Adding N and P fertilizers, individually and in combination, 
decreased the PLFAs of bulk soils to a similar extent (by 27.9%–37.0%, 
P: P = 0.037; N × P: P = 0.012; Fig. 1a). The negative effects of fertil-
ization on total PLFAs only occurred in SMA (N × P: P = 0.024) and 
microaggregates (MA) (P: P = 0.023; N × P: P = 0.036) but not in LMA 
(Fig. 2a). The responses of bacterial PLFAs in bulk soil and aggregate 
fractions mirrored those of total PLFAs (Figs. 1a and 2b). By contrast, N 
fertilization respectively reduced fungal and AMF PLFAs by 18.2% (P =
0.003) and 30.0% (P = 0.023) in bulk soils (Fig. 1a) by lessening them in 
LMA (both P < 0.001; Fig. 2c and d). P fertilization marginally sup-
pressed fungal PLFAs in bulk soils (P = 0.088; Fig. 1a) but significantly 
reduced them by 10.7% in LMA (P = 0.012; Fig. 2c). Moreover, N 
fertilization significantly inhibited the F/B ratio in LMA, and its inter-
action with P fertilization influenced the ratio of Gram-positive to Gram- 
negative (G+/G-) bacteria in MA (P = 0.002 and 0.027, respectively; 
Fig. 2e and f). However, no significant effects were observed on such 
ratios in bulk soils (all P > 0.05; Fig. 1b). 

3.3. Soil microbial residues 

Fertilization did not affect microbial residues, their contribution to 
SOC, and the ratio of fungal to bacterial residues in bulk soils (all P >
0.05; Fig. S2). These non-significant effects also held true for aggregate- 
associated total microbial residues, bacterial residues, and microbial 
contribution to SOC across different aggregate fractions (all P > 0.05; 
Fig. 3a, b, and e). However, P fertilization significantly stimulated 
fungal residues in LMA and the ratio of fungal to bacterial residues in 
MA by 19.3% and 27.8%, respectively (P = 0.033 and 0.031, respec-
tively; Fig. 3c and d). In addition, compared with other treatments, NP 
fertilization had higher fungal residues in SMA (N: P = 0.012, P: P =
0.04, N × P: P = 0.009; Fig. 3c). More importantly, NP fertilization 
significantly suppressed the contribution of total, bacterial and fungal 
residues in LMA by 26%–36.7% (N: P = 0.001; N × P: P = 0.007), 
26.4%–31.2% (N × P: P = 0.03) and 20%–39.9% (N: P < 0.001; N × P: P 
= 0.014), respectively, but significantly stimulated that of total and 
fungal residues in SMA by 22.1%–37.5% (N: P < 0.001; N × P: P = 0.07) 
and 24.5%–29.4% (N: P < 0.001; N × P: P = 0.003), respectively 
(Fig. 4). 
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3.4. Drivers of microbial groups and residues 

The aggregate-associated microbial groups exhibited significantly 
positive correlations with root biomass (Fig. 5), but did not correlate 
well with soil chemical properties except for soil pH in LMA (P = 0.016, 
Table S1). 

The structural equation models (SEM) showed that NP fertilization 
had a direct effect on the proportion of SMA (std. coefficients = 0.52, P 
= 0.02), which positively influenced the distribution of fungal residues 
in SMA (std. coefficients = 0.86, P < 0.001; Fig. 6). NP fertilization also 
had a positive indirect effect on fungal residues in SMA and a negative 
indirect effect on the distribution of fungal residues in LMA through 
root-driven aggregate breakdown (all P < 0.001). Overall, the SEM 
explained 76% of the variability in fungal residues in SMA, and 74% and 
69% of the distributions of fungal residues in SMA and LMA, respec-
tively (Fig. 6). 

4. Discussion 

4.1. Effects of fertilization on microbial biomass 

It has been widely recognized that N fertilization decreases microbial 
biomass in bulk soils [23,43,47], which is mainly attributed to 
N-induced soil acidification and associated loss of base cations, 

especially Ca2+ and Mg2+ [43,47] and C limitation [52]. However, 
studies on bulk soils generally ignore soil aggregates which mediate the 
microbial response to N fertilization via affecting soil physical and 
chemical properties, and plant-soil linkages [45,49]. Therefore, under-
standing N-microbe linkages at finer soil scales is necessary to reveal the 
mechanism of N-induced decline in microbial biomass. In the present 
study, reduced microbial biomass with N fertilization was the conse-
quence of lower bacteria in SMA and MA and fungi in LMA (Fig. 2b and 
c). The regression analysis clearly showed that these 
aggregate-associated microbial groups elevated linearly with root 
biomass (Fig. 5). Although positive correlation also occurred between 
fungi and soil pH in LMA (Table S1), consistent decline in the soil pH in 
other two aggregates with N fertilization did not cause a corresponding 
decrease in aggregate-associated fungi (Figs. 2 and S2b). Taken together, 
our findings provide strong evidence that N-induced declines in root C 
input (i.e., C limitation) rather than soil acidification caused changes in 
aggregate-associated microbial groups and subsequent reductions in 
microbial biomass in bulk soil. Plants allocate less C to belowground 
parts when N/P availability is relatively rich [1,17]. This could directly 
reduce bacterial uptake for C in SMA and MA, resulting in their energy 
deficiency and then limiting bacterial growth in these aggregates. 
However, this was not the case for the bacterial response in LMA. 
Relative to bacteria, fungi rely much on root-derived C [4,16] that pri-
marily accumulated in LMA [46]. The view was supported by the 

Table 1 
Soil properties and root biomass in bulk soil under N, P, and NP fertilization.  

Treatments SOC(g 
kg− 1) 

TN (g 
kg− 1) 

AP (mg 
kg− 1) 

pH Soil exchangeable Ca2+ and Mg2+

cations (mg/kg) 
Root biomass (g 
m− 2) 

Aggregate mass proportion (%) 

LMA SMA MA 

CT 14.27 ±
1.2 

1.19 ±
0.1 

16.69 ±
2.5c 

5.25 ±
0.1a 

168.6 ± 10.2a 95.9 ± 4.2a 42.0 ± 2.8a 40.64 ±
1.5b 

17.36 ±
2.1 

N 12.47 ±
0.7 

1.11 ±
0.1 

13.57 ±
0.5c 

4.95 ±
0.1b 

139.2 ± 4.2 ab 62.1 ± 5.4b 41.84 ±
32.8a 

41.32 ±
2.0b 

16.84 ±
1.3 

P 13.8 ± 0.9 1.19 ±
0.1 

73.4 ±
1.9b 

5.33 ±
0.1a 

157.3 ± 4.5a 63.3 ± 1.8b 47.37 ±
2.2a 

37.95 ±
1.4b 

14.68 ±
0.9 

NP 14.54 ±
0.9 

1.23 ±
0.1 

90.37 ±
6.7a 

5.05 ±
0.1b 

135.3 ± 6.9b 27.6 ± 2.3c 33.48 ±
1.9b 

47.40 ±
1.6a 

19.12 ±
0.8 

Data are means ± SE (n = 3). Different letters within the same column indicate significant differences among nutrient treatments at P < 0.05. SOC, soil organic carbon; 
TN, total N; AP, available P; LMA, > 2 mm aggregate; SMA, 0.25–2 mm aggregate; MA, < 0.25 mm aggregate. 

Fig. 1. Effects of N fertilization, P fertilization, and N plus P fertilization on microbial communities in bulk soils. Error bars indicate mean ± SE (n = 3). Different 
letters represent significant differences among nutrient treatments at P < 0.05. AMF, arbuscular mycorrhizal fungi; F/B ratio, fungi-to-bacteria; G+/G-ratio, Gram- 
positive to Gram-negative bacteria; PLFAs, phospholipid fatty acids. 
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stronger correlations between fungi in LMA and root biomass in the 
present study (Fig. 5). Thus, N-induced decline in root input led to lower 
fungi in LMA (Fig. 2c). This could alleviate fungal antagonistic effects 
towards bacterial growth [35] and provide their residues for utilization 
by bacteria [13], which may counteract the negative root effects on 
bacteria in LMA after N fertilization and make the bacterial response in 
LMA to N fertilization non-significant. 

Subtropical forests with highly weathered soils have long been 
considered P-deficient [48]. Therefore, P inputs often stimulates mi-
crobial growth in these forests [18,21]. Nonetheless, contrary to this 
common belief and our initial hypothesis, we clearly found that single P 
fertilization significantly suppressed total PLFAs (Fig. 1a), suggesting P 
is not a limiting factor for microbial biomass in the studied plantation. 
Since P effect on aggregate-associated microbial groups was similar to 
N-only fertilization (Fig. 2a, b, and 2c), the above-mentioned mecha-
nism also works to explain P effects on microbial biomass. The different 
responses of soil microbial biomass to P fertilization among studies may 
be attributed to their divergent soil P status and harvest practices. For 
example, the concentration of soil available P was three times higher in 
the current study than in a secondary tropical forest [18]. Moreover, 
understory and litter biomass were continuously kept in our study, un-
like an earlier study in a tropical forest in which they were removed until 

the late 1990s [20]. Nevertheless, the unchanged AMF under P fertil-
ization (Fig. 2d) is rather unexpected, because negative P effect on AMF 
abundance has been consistently reported across global experiments 
(reviewed in Ma et al. [25]). The driving mechanism of this finding 
awaits further investigation. Possibly, P-induced decline in root biomass 
alleviates the competition between plants and AMF for other nutrients, 
which promotes the dominance of certain AMF species and conse-
quently, offsets the negative effect of P fertilization. Another possible 
explanation is that estimation of AMF biomass using PLFA 16:1w5 might 
mask P effect on the real AMF since there is a strong background by 
bacterial-derived PLFA 16:1w5 [5]. Therefore, future efforts will be 
needed to uncover the effect of P fertilization on AMF with alternative 
methods for accurately estimating their biomass. 

Despite the strong P effect, microbial biomass did not differ among N, 
P and NP treatments (Fig. 1a), contrary to our first hypothesis. This 
result is mainly due to the following reasons. First, globally, simulta-
neous N and P fertilization stimulates above-ground biomass more than 
when they are added separately [19]. Such greater promotions in 
above-ground productivity could partially offset the stronger microbial 
C limitation caused by lower root inputs under NP fertilization than 
single N or P fertilization. Second, N-induced soil acidification (Table 1) 
promotes the accumulation of toxic ions, such as Al3+ [3], which poisons 

Fig. 2. Effects of N fertilization, P fertilization, and N plus P fertilization on microbial communities across different aggregate sizes. Error bars indicate mean ± SE (n 
= 3). Different lowercase letters indicate significant differences among nutrient treatments within the same aggregate fraction. Different uppercase letters represent 
significant differences among aggregate fractions. Aggregates were classified into three fractions: LMA (>2 mm), SMA (0.25–2 mm) and MA (<0.25 mm). 
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Fig. 3. Effects of N fertilization, P fertilization, and N plus P fertilization on microbial residues across different aggregate factions. Error bars indicate mean ± SE (n 
= 3). Different lowercase letters indicate significant differences among nutrient treatments within the same aggregate fraction. Different uppercase letters represent 
significant differences among aggregate fractions. Aggregates were classified into three fractions: LMA (>2 mm), SMA (0.25–2 mm) and MA (<0.25 mm). 

Fig. 4. Effects of N fertilization, P fertilization, and N plus P fertilization on the distribution of total (a), bacterial (b) and fungal residues across aggregate fractions to 
bulk soil. Different lowercase letters indicate significant differences among nutrient treatments within the same aggregate fraction at P < 0.05. MR, microbial 
residues. Aggregates were classified into three fractions: LMA (>2 mm), SMA (0.25–2 mm) and MA (<0.25 mm). 
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microbial cells. The added P can combine with Al3+ when pH < 6.5 and 
alleviate aluminum poisoning [47]. These together could explain the 
non-additive interaction of N and P fertilization on microbial biomass. 

4.2. Effects of fertilization on microbial residues 

In contrast to the observed changes in microbial biomass, microbial 
residues and their contribution to SOC in bulk soils remained stable 
under different fertilization treatments (Fig. S2). This result indicates 
that microbial residue accumulation differs from that of living micro-
organisms, because it integrates changes in microbial communities over 
time and its linear relationship with microbial biomass can be altered by 
its self-degradation [20]. Similarly, previous studies found that 6–11 
years of fertilization (mainly N fertilization) do not affect microbial 
residue accumulation across different forests [23,24]. In contrast, a 
study conducted in a tropical Castanopsis carlesii forest found that the 
contribution of microbial residues to SOC increased after 7-year N 

addition [24]. One explanation for such differences is that the decrease 
magnitude of SOC to N fertilization was much smaller in our study than 
in other work (4% in this study vs. 9% in a previous study). 

Interestingly, when soils were categorized into different aggregate 
fractions, simultaneous N and P fertilization significantly stimulated 
fungal residue accumulations in SMA, although adding them separately 
did not (Fig. 3c). These findings indicate that N inputs can significantly 
modify the effect of P fertilization on fungal residue accumulations in 
aggregates. Contrary to our study, a previous study [49] found that the 
negative effect of P fertilization on aggregate-associated fungal residues 
was independent on N fertilization in a tropical coastal forest. Such 
inconsistent results indicate that the response of fungal residues at 
aggregate scale to NP fertilization is highly context-dependent. SEM 
showed that NP fertilization directly and indirectly stimulated the pro-
portion of SMA via root-driven aggregate breakdown (Fig. 6). This re-
sults in fungal residues to be preferentially preserved in soils over 
bacterial residues because large fungal fragments can be easily occluded 

Fig. 5. Relationships of aggregate-associated microbial groups with root biomass under fertilization. The solid blue line represents the fitted regression line and the 
grey shading represents 95% confidence interval. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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inside SMA (Fig. 6) [8] and containing refractory substances such as 
melanins makes fungal residues more resistant to biodegradation [12]. 
On the other hand, greater loss of root biomass under NP fertilization 
than under single N/P fertilization (Table 1) broke LMA to SMA (Fig. 6) 
because roots generally enmesh small aggregates into large ones [32, 
38]. This further releases protected highly bioavailable C fractions in 
LMA [29], provides an energy and C source for microbial growth, 
thereby alleviating the use of fungal residues in SMA. Notably, the 
changes in soil aggregate structure under NP fertilization further shifted 
microbial and fungal residues from LMA to SMA (Figs. 4 and 6). Given 
that smaller aggregate fractions have stronger physical protection of 
SOC [38], the present finding suggests that NP fertilization appeared to 
increase C stabilization via increasing microbial residue distribution in 
SMA. Taken together, our results suggest that predicting soil C dynamic 
based on single fertilization experiments and ignoring physical protec-
tion of microbial residue-C may be misleading. Therefore, future studies 
that explore the response of the soil C pool to N and/or P fertilization 
should focus on microbial residues at the aggregate scale in subtropical 
plantation ecosystems. 

5. Conclusions 

Understanding the interactive effects of multiple fertilization on soil 
microbes at finer soil scales is important for accurately predicting soil C 
sequestration. By isolating soil aggregate fractions from bulk soil, this 
study reveals that N and/or P fertilization decreased bacteria in SMA 
and MA and fungi in LMA, which jointly resulted in a significant 

inhibition in total microbial biomass in bulk soils. Fertilization affected 
the microbial biomass mainly through decreased root biomass rather 
than soil acidification. By contrast, NP fertilization increased fungal 
residues in SMA and further redistributed microbial residues from LMA 
to SMA, mainly through stimulating the proportion of SMA. Thus, for 
Chinese fir plantation, NP fertilization seems to be an effective practice 
to maintain long-term fertility of plantation soil via increasing the sta-
bility of soil microbial residues. Overall, these results suggest that results 
from single fertilization manipulation experiments and ignoring phys-
ical protection of microbial residue-C may have limited power to predict 
soil C dynamics in the future. This work offers new insights into the 
interactions of N and P fertilization and provides an important guidance 
for management practices in subtropical conifer plantations. 
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