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Abstract
It is well known that the hydrolysable tannin (tannin acid) and condensed tannins in a plant can influence the availability 
of soil nitrogen (N) through the formation of tannin–organic N complexes. However, the lack of research on the effect 
of tannin acid–organic N complexes on soil N hinders our understanding of the subsequent role of these complexes. In 
this line, an incubation experiment was carried out with the addition of tannin acid-arginine and tannin-bovine serum 
albumin (BSA) complexes, where tannin acid was represented as the hydrolysable tannin. For the necessary compari-
sons, tannin acid, arginine, or BSA was added to the soil samples. The results showed that tannic acid addition quickly 
decreased protein contents at the beginning of incubation and decreased soluble organic N (SON) after 3 days to produce 
the inorganic N in the soil as compared to control. Tannin-arginine complexes increased  NH4

+–N compared with control 
and this increased degree was found lower than arginine treatment. Moreover, the addition of tannin–BSA complexes 
did not significantly increase soil  NH4

+–N as BSA alone treatment did.  NO3
−–N and  N2O emission increased in each treat-

ment compared with control indicating nitrification was not limited. The increase of  NH4
+–N was mainly attributed to the 

decrease of SON after 3 days of incubation. These results suggested that tannin acid quickly formed the complexes with 
protein to impact soil N. While, the effects of tannin-arginine and tannin–BSA complexes on soil N transformation were 
quite dissimilar. Thus, this study highlighted the subsequent role of tannin–organic N complexes under the influence of 
tannin. Tannin and tannin–organic N complexes naturally coexist in the ecosystem to impact soil N dynamics and may 
interact with each other as well.
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1 Introduction

Plant tannins, also known as plant polyphenols, are kind 
of polyphenolic compounds that widely exist in plants [1, 
2]. It is reviewed that tannins are the fourth most abun-
dantly occurring biochemical substance produced by vas-
cular plant tissues after cellulose, hemicellulose and lignin, 
while leaves and bark may contain up to 40% tannin by dry 
weight [3]. Therefore, these plant materials, fallen on the 
soil surface or released from roots could be considered to 

play an important role in soil carbon (C) or nitrogen (N) 
cycling, and sustainable ecosystem functioning [4–7].

The dynamic effects of tannins on C and N in the soil 
leaching layer have been studied [4]. It was found that 
tannins had a much higher ability to inhibit ammonifi-
cation rate than cellulose. It was also found that tannin 
acid reduced the contents of  NO3

−–N and  NH4
+–N in soils 

[8]. In addition, condensed tannins decreased C and N 
mineralization and enzyme activity, however, increased 
the ratio of fungi to bacteria [5]. The presence of roots 
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significantly increased the stable SOM–N due to the for-
mation of complexes with root-derived condensed tannins 
in boreal forest soils [7]. Therefore, tannins may alter the 
quantity and forms of N availability for plants or microbes, 
and inhibit microorganism’s activity [5, 9]. It may reduce 
soil enzyme activities, such as acid phosphatase, chitinase, 
and beta-glucosidase [10–12]. In contrast, tannins also act 
as an unstable C source [4] to induce soil N cycling. It was 
reported that the complexes with tannic acid (hydrolys-
able tannin) seemed to be more easily degraded than 
the ones with condensed tannins [13, 14]. Furthermore, 
the effects of complexes on soil were dependent on soil 
types, such as N-poor and N-rich soil [15] and different for-
est types, such as boreal pine forest soil [7] and silver birch 
forest soil [15].

Tannins can produce insoluble compounds by react-
ing with proteins, alkaloids, polysaccharides in plant tis-
sues, litters and soils [3] and also do compound reactions 
with metal ions to produce various complexes [16]. It was 
reported that arginine in amino acids, insulin in the poly-
peptide, protein, N base, chitin and chitosan in amino sug-
ars could be precipitated with tannins [17]. Furthermore, 
the reaction ratio of tannin to organic N and pH would 
largely affect the amount and proportion of tannin and 
organic N, involved in the reaction [18]. Therefore, the for-
mation of tannin–organic N complexes is highly important 
for the mechanisms of soil organic N retention [4, 17, 18] 
and could induce a shift from mineral- to organic-dom-
inated N cycling [7]. Besides the effect of tannin on soil, 
it would be of great interest to understand the combina-
tion of tannin and different organic N complexes and its 
effect on soil N cycling. So, it was found that the addition 
of condensed tannins decreased the rates of C mineraliza-
tion (only in N-poor soil) and net nitrification, but organic 
N-condensed tannin complexes increased net mineraliza-
tion [15]. However, the effects of organic N-tannins acid 
complexes on soil N had not been studied [17]. Further-
more, the interaction of bovine serum albumin (BSA) and 
tannic acid, and its influence was studied for the food 
industry, human or animal nutrition and health [19], but 
not in the soil.

In terrestrial ecosystems, plant litter often deposits on 
the organic horizon with mineral soil underneath. Tannin 
is released from litter to impact the soil, and thereafter it 
coexists with tannin–organic N complexes. Besides, tan-
nin influences soil N by the formation of tannin–organic 
N complexes, the effect of the complexes is needed to be 
investigated to know the relationship between litter and 
soil. So, the objective of this study was to investigate the 
impact of tannin–organic N complexes on soil N in a sub-
tropical forest. In this context, an incubation experiment 
was conducted to investigate the effects of tannic acid, 
amino acid, protein and their complexes on the soil after 

determining soil N types and soluble organic C with dif-
ferent incubation intervals.

2  Materials and methods

2.1  Soil collection

The soil samples were collected from Jianou Wanmulin 
Nature Reserve (27° 03 ′N, 118° 09 ′E) in the Northern 
part of Fujian Province, the Southeast of Mount Wuyi 
and Northwest of the Mount Jiufeng Range. We have 
been carried out experiments in 2009, so soil sampling 
and related procedures were approved and permitted 
by “Jianou Wanmulin Nature Reserve”. The climate of this 
region is characterized as a typical subtropical monsoon 
with a mean annual temperature of 19.4 °C, mean annual 
precipitation of 1731.4 mm, mean annual evaporation 
of 1466 mm and mean annual relative humidity of 81%. 
The frost-free period of the whole year is usually present 
for 277 days. The soil samples were taken from the Cun-
ninghamia lanceolata plantation which was developed by 
artificial afforestation after clear-cutting in 1969. It was in 
the Northwest slope direction with a slope of 27° and a 
forest density of 1117 trees per hectare, with single tree 
species and a simple stand structure. Three sampling sites 
were randomly selected to collect surface soil (0–15 cm), 
removed stones and litter, fully mixed the soil, and brought 
it back to the laboratory. Passed it through 2 mm sieve 
and soil was stored in a refrigerator at 4 °C for following 
incubation experiment. The soil had a pH 5.7 and water-
holding capacity (WHC) (g kg−1) 638.2, total C 23.8 g kg−1, 
total N 1.8  g  kg−1. Other basic physical and chemical 
properties of the soil are as follows: C/N 13.0,  NH4

+–N 
20.6 mg kg−1,  NO3

−–N 11.1 mg kg−1, soluble organic N 
(SON) 17.7 mg kg−1 and soil bulk density 1.20 g cm−3.

2.2  Experimental design

To estimate the effects of tannin–organic N complexes on 
dynamics of soil N in fir planted red soil, an indoor incu-
bation experiment was carried out after preparing com-
plexes by reacting tannic acid with arginine or bovine 
serum albumin (BSA). The tannin and organic N ratio of 2:1 
were used to prepare the complexes for the tannin–BSA 
complexes and tannin–arginine complexes as well at pH 
4.7 [18].

Six treatments including: CK (control), T (adding tan-
nic acid, 6.25 mg), A (adding arginine, 4.37 mg), TA (add-
ing tannin-arginine complexes, 10.6 mg), B (adding BSA, 
4.97 mg), TB (adding tannin-BSA complexes, 11.2 mg) 
were formulated. Fresh soil samples equivalent to 30 g 
dry soil were considered and the matter in six treatments 
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was added in 300 ml plastic bottles, respectively. There-
after, the incubation was carried out with sealed bottles 
at 25 °C and the soil moisture was adjusted to 60% WHC 
with distilled water. Soil samples were taken on days 0, 3 
and 14, respectively, to determine the contents of  NH4

+–N, 
 NO3

−–N, TSN, SOC, soil protein and tannin. Before incuba-
tion, three culture bottles were randomly selected and the 
air above the soil was collected on day 0 as the control for 
first sampling. Then, the bottle was sealed for incubation. 
During incubation, 20 ml gas was collected from the bot-
tles with a 50 ml injector on 3, 7, and 14 days and injected 
into an aluminum film gas bag (50 mL, China Dalian Delin) 
for nitrous oxide  (N2O) concentration determination.

The basic physical and chemical properties of different 
treatments are shown in Table 1. The C and N contents 
of the complexes formed by tannin and organic N were 
different from those of tannin and organic N alone. The 
difference in the properties caused by the change of C/N 
ratio affected the transformation of soil N.

2.3  Chemical analysis

The fresh soil sub-samples equal to 6 g of dry weight were 
directly extracted with 30 ml of 0.5 mol  L−1  K2SO4 solution. 
The  NH4

+,  NO3
− and TSN levels in soil extracts were deter-

mined by using continuous flow analysis (SKALAR  San++, 
the Netherlands). Total soil C and N were determined by 
C and N element analyzer (Elemantar Vario MAX CN, Ger-
many). The concentration of  N2O in gas samples was meas-
ured by gas chromatography (GCv2014, Shimadzu, Japan). 
The content of tannin and protein was detected with an 
ultraviolet band [17, 20].

Soil soluble organic N (SON) (mg N  kg−1) is calculated 
as follows:

where  NH4
+ is ammonium N (mg N  kg−1), and  NO3

− is 
nitrate N (mg N  kg−1).

Soil soluble organic C (SOC) (mg kg−1) was calculated 
with the following formula:

SON = TSN−
(

NH
+
4
+ NO

−
3

)

where V0 represents the volume of  FeSO4 (ml) consumed 
by titrating blank samples, V1 is the volume of  FeSO4 (ml) 
consumed by titrating samples, c is the concentration of 
 FeSO4 solution (mol  L−1), ts is the dilution factor and m is 
the mass of dried soil (g). The millimole mass fraction of C 
(mg mmol−1) was 3 and the coefficient of conversion to kg 
was 1000. While,  N2O emission flux (F) (μg kg−1  d−1) in 0–3, 
3–7 and 7–14 days are defined as follows:

where M is the molar mass of  N2O, V1 is the air volume 
of 1 mol under the standard conditions, V2 is the volume 
of incubation bottle (ml), m is the quality of dry soil (kg), 
dc/dt is the change of  N2O concentration per unit time (μg 
 d−1), T is incubation temperature (°C). When F is positive, 
it indicates that the soil emits  N2O to the atmosphere and 
when it is negative, it indicates that soil absorbs  N2O.

Accumulative  N2O Emissions (CE) (μg kg−1) is expressed 
as:

where Fi indicates the  N2O emission flux (μg kg−1  d−1) t i 
times; Fi+1 indicates  N2O emission flux at i + 1 times; ti+1 − ti 
represents the interval between two adjacent measure-
ment dates; and n is the total number of measurements 
in the cumulative emission observation period.

2.4  Statistical analysis

The least significant difference (LSD) test in one-way 
ANOVA was applied to access differences among treat-
ments at a 5% significance level. Repeated measures analy-
sis of variance (ANOVA) was used to evaluate the effects of 
treatments, time and their interaction on soil N, SOC, tan-
nin and protein, which were all significant (p < 0.05) except 
for the effect of time on  NH4

+–N, so the results were not 
provided. All statistical analyses were made using SPSS 
19.0 (SPSS Inc., Chicago, IL, USA).

3  Results

3.1  NH4
+–N,  NO3

−–N and SON in soil with additions 
of tannins or complexes

Tannin acid addition did not significantly decrease soil 
inorganic N (Table 2). In contrast, soil  NH4

+–N was signif-
icantly (p < 0.05) increased by 21.5–45.8% in treatment 

SOC =
(

V0 − V1

)

× c × 3 × ts × 1000∕m

F =
M

V1

×
V2

m
×
dc

dt
×

273

273 + T

CE =

n
∑

i=1

(

F
i
+ F

i+1

2

)

×
(

t
i+1 − t

i

)

Table 1  Chemical characteristics of the added matters

Added matters Total car-
bon (g kg−1)

Total nitro-
gen (g kg−1)

C/N

Tannin acid 495.0 0.51 966.9
Arginine 411.2 992.3 0.41
Bovine serum albumin (BSA) 480.7 68.0 7.07
Tannin–arginine compound 397.3 52.2 7.62
Tannin–BSA compound 508.9 161.6 3.15
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A, by 14.1% and 15.5% in TA treatment on days 3 and 
14, and by 11.9% in treatment B only on day 14 com-
pared with CK.  NO3

−–N in A treatment was significantly 
(p < 0.01) higher than in CK by 7.5% and 5.3% on days 3 
and 14, respectively, and by 8.4% on day 3 for TA treat-
ment. In addition,  NO3

−–N was significantly (p < 0.05) 
higher by 4.7% and 5.2% in treatment B, and by 6.5% 
and 11.0% in TB treatment on days 0 and 3 than in CK, 
respectively.

The content of soluble organic N (SON) in CK treat-
ment increased slowly with incubation, but SON in A 
and TA treatments decreased, especially for treatment 
A with a rapid decline before day 3 (Table 2). Treatments 
T, B and TB decreased SON from day 3 compared to CK. 
The SON content in treatment A was significantly higher 
by 100.4% on day 0, but it was significantly lowered by 
27.3–78.3% and 65.8% in T, A, B and TB treatments than 
in CK on days 3 and 14. The content of SON in TA treat-
ment was significantly (p < 0.05) lower by 30.1–59.3% 
than in CK.

3.2  The emission of  N2O from the soil with different 
additions

The  N2O emission rate in CK treatment decreased signifi-
cantly with incubation time (Table 3), nonetheless, in T, A 
and TA treatments, it declined firstly and then increased. 
The  N2O emission rate in B and TB treatments showed a 
gradual upward trend with incubation time. The  N2O emis-
sion rate was the highest in A treatment, which was sig-
nificantly (p < 0.01) higher than in other treatments. The 
greatly cumulative  N2O emission in CK mainly occurred in 
0–3 days, accounting for 51.9% and in 7–14 days of incu-
bation A, B and TB treatments accounting for 53.5–56.4% 
of the total emission. While, the cumulative  N2O emis-
sion mainly was from 0–3 days to 7–14 days for treat-
ment T accounting for 35.5% and 49.6% and TA treatment 
accounting for 35.9% and 42.8% of the total emission, 
respectively.

Tannin addition significantly (p < 0.05) increased the 
 N2O emission rate by 122.3% from day 7 to 14 compared 
to CK. It significantly increased by 80.5–548.3% in treat-
ment A, and by 55.3–250.0% in TA treatment through 

Table 2  Dynamics of soil 
 NH4

+–N,  NO3
−–N and SON 

in different treatments 
(mean ± SD, mg kg−1, n = 3)

Where CK, control; T, tannic acid; A, arginine; TA, tannin–arginine compound; B, bovine serum albumin; 
TB, tannin–bovine serum albumin compound

Significant differences among the treatments are indicated by letters (a, b, c, d)

Time (d) CK T A TA B TB

NH4
+–N 0 101.2 ± 2.1bcd 98.9 ± 0.5 cd 122.9 ± 2.77a 106.3 ± 2.5b 101.7 ± 4.6bc 96.4 ± 3.6d

3 99.5 ± 2.7 cd 96.1 ± 3.8d 142.1 ± 2.54a 113.5 ± 1.7b 102.7 ± 2.4c 102.9 ± 3.6c

14 95.1 ± 6.1c 94.9 ± 1.0c 138.6 ± 2.55a 109.8 ± 2.4b 106.4 ± 2.4b 92.9 ± 2.7c

NO3
−–N 0 42.3 ± 1.5bc 43.9 ± 0.5ab 41.3 ± 0.8c 43.9 ± 1.3ab 44.3 ± 1.3a 45.1 ± 0.8a

3 43.5 ± 1.0d 44.1 ± 0.8 cd 46.7 ± 0.6ab 47.0 ± 0.5ab 45.7 ± 1.2bc 48.3 ± 1.8a

14 46.7 ± 1.4b 46.7 ± 1.6b 49.2 ± 0.8a 47.6 ± 1.4ab 47.5 ± 1.4ab 49.3 ± 1.2a

SON 0 17.9 ± 5.5b 18.6 ± 1.7b 35.9 ± 2.8a 12.5 ± 1.7c 17.5 ± 1.0bc 16.3 ± 1.3bc

3 19.7 ± 1.9a 12.2 ± 1.3b 4.3 ± 1.4c 8.9 ± 2.3b 11.7 ± 0.6b 10.1 ± 3.0b

14 26.5 ± 2.3a 19.3 ± 3.2b 9.1 ± 0.3d 10.8 ± 1.4d 16.1 ± 1.8bc 13.9 ± 5.1 cd

Table 3  Dynamics of soil  N2O emission rate (μg kg−1  d−1) and cumulative  N2O emission (μg kg−1) in different treatments

Where CK, control; T, tannic acid; A, arginine; TA, tannin–arginine compound; B, bovine serum albumin; TB, tannin–bovine serum albumin 
compound

Significant differences among the treatments are indicated by letters (a, b, c, d)

Time (d) CK T A TA B TB

N2O emission rate 0–3 0.51 ± 0.15b 0.43 ± 0.10bc 0.92 ± 0.01a 0.79 ± 0.20a 0.24 ± 0.04 cd 0.22 ± 0.05d

3–7 0.16 ± 0.04c 0.13 ± 0.01c 0.34 ± 0.04a 0.35 ± 0.06a 0.35 ± 0.02a 0.23 ± 0.06b

7–14 0.12 ± 0.02d 0.26 ± 0.05c 0.75 ± 0.15a 0.40 ± 0.04b 0.35 ± 0.05bc 0.29 ± 0.02c

Cumulative  N2O emission 0–3 1.53 ± 0.45b 1.29 ± 0.30bc 2.77 ± 0.01a 2.38 ± 0.59a 0.71 ± 0.12 cd 0.66 ± 0.14d

3–7 0.65 ± 0.16bc 0.54 ± 0.04c 1.38 ± 0.16a 1.41 ± 0.24a 1.40 ± 0.08a 0.93 ± 0.22b

7–14 0.81 ± 0.15d 1.80 ± 0.34c 5.25 ± 1.04a 2.83 ± 0.31b 2.44 ± 0.38bc 2.06 ± 0.12bc

Total 2.95 ± 0.37d 3.63 ± 0.62 cd 9.40 ± 1.14a 6.63 ± 0.67b 4.56 ± 0.41c 3.65 ± 0.09 cd
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the incubation compared to CK. B and TB treatments sig-
nificantly decreased the  N2O emission rate by 53.5% and 
57.2% from 0 to 3 days, but increased it by 43.9–201.2% 
after day 3 compared to CK.

3.3  Soil soluble organic C (SOC), tannin and protein 
in different treatments

At the commencement of incubation, SOC in CK treatment 
was significantly higher than that of all other treatments 
and SOC in CK, T, A and TB decreased with incubation time 
(Table 4). SOC in T, A and TA treatments on day 0 were sig-
nificantly lower by 32.7%, 53.4% and 46.5% than in CK 
treatment, respectively. However, SOC in T and TA treat-
ments were significantly greater by 21.3% and 31.3% than 
in CK treatment on day 3, respectively. On the fourteenth 
day, SOC in T, A and TA treatments were significantly upper 
by 116.0%, 35.7% and 30.0% than in CK treatment, respec-
tively. B and TB treatments significantly decreased SOC by 
24.5–48.7% through the incubation compared to CK.

Tannin contents in CK treatment increased and had the 
maximum values at the end (Table 4). In T treatment it was 
found significantly (p < 0.01) higher than the other treat-
ments. Soil tannin was significantly higher by 41.8% and 
35.3% in A, by 34.2% and 21.2% in TA treatment on days 
0 and 3 compared to CK, respectively. Further, soil tannin 
was significantly higher by 28.5% in B only on day 0, by 
20.4% in TB treatment only on day 14 compared to CK.

The protein contents in CK, TA, B and TB treatments 
decreased in the start and then increased thereafter with 
time (Table 4). While, in T and A treatments it increased 
with time. The highest protein content was found at each 
stage of incubation for TB treatment. However, the low-
est protein contents were attributed to treatment A over-
all. T and A treatments decreased the protein contents 
quickly by 60.9% and 59.5% on day 0, respectively. B and 

TB treatments enlarged the protein contents by 32.9% and 
47.9% on day 3, respectively. On the fourteenth day, the A 
treatment reduced the protein contents by 40.7%, but TB 
treatment increased it by 35.9%.

3.4  Relationship between indicators of all 
treatments

Overall, we observed a linear negative correlation between 
SOC and  NO3

−–N (Fig. 1a), which was more pronounced in 
CK (p < 0.01), T (p < 0.01) and A (p < 0.001) treatments with 
R2 > 0.63, and weaker in both B and TB with  R2 around 0.4 
(p > 0.05). In addition, SON and  NH4

+–N also had a linear 
negative correlation except in A treatment (Fig. 1b), which 
was recorded stronger in A (p < 0.001) than in CK, TA and 
TB treatments (p > 0.05). Tannin and SOC exhibited nega-
tive deep functional relations (Fig. 1c), which was robust 
in CK (p < 0.01), TA (p < 0.05), B (p < 0.001) and TB (p < 0.001) 
treatments than in both T and A (p > 0.05).

At the beginning of incubation, overall a linear nega-
tive correlation was observed between protein and tannin 
(Fig. 2a), in which there were linear positive correlation 
in T (p < 0.001), TA (p < 0.05) and TB (p = 0.064) treatments. 
At the beginning of incubation, the linear negative corre-
lation between protein and SON (Fig. 2b) was computed 
dominating in A treatment (p < 0.01) and opposed in B 
(p > 0.05) and TB (p > 0.05) with incubation. However, the 
linear negative correlation between tannin and SON was 
found at 3 days after incubation (Fig. 2c), which dominated 
in both T and A treatment (p > 0.05) and suppressed in CK 
(p < 0.05) with incubation. Moreover, the positive deep 
functional relation between SOC and SON was also found 
at 3 days of incubation (Fig. 2d), which dominated in A 
treatment (p > 0.01) and opposed in CK (p > 0.05) with incu-
bation duration.

Table 4  Dynamics of soil soluble organic carbon (SOC), protein and tannin in different treatments (mean ± SD, mg kg−1, n = 3)

Where CK, control; T, tannic acid; A, arginine; TA, tannin–arginine compound; B, bovine serum albumin; TB, tannin–bovine serum albumin 
compound

Significant differences among the treatments are indicated by letters (a, b, c, d)

Time (d) CK T A TA B TB

SOC 0 173.8 ± 12.2a 116.9 ± 11.1b 81.0 ± 10.3c 93.0 ± 5.3bc 89.2 ± 9.3bc 103.1 ± 12.0bc

3 96.0 ± 11.0b 116.4 ± 7.4a 45.6 ± 4.8d 126.0 ± 20.1a 94.1 ± 11.5b 72.5 ± 7.5c

14 29.0 ± 3.2c 62.6 ± 1.3a 39.3 ± 3.1b 37.7 ± 8.0b 14.9 ± 3.0d 20.8 ± 5.7 cd

Tannin 0 34.6 ± 3.0c 69.5 ± 6.9a 49.1 ± 6.8b 46.5 ± 3.0b 44.5 ± 3.0b 34.6 ± 6.0c

3 37.3 ± 3.9d 97.1 ± 5.9a 50.4 ± 3.0b 45.2 ± 3.9bc 39.9 ± 1.1 cd 43.2 ± 2.0 cd

14 61.6 ± 5.0 cd 96.9 ± 6.3a 72.3 ± 7.4bc 61.0 ± 9.7d 68.9 ± 0.01bcd 74.2 ± 4.1b

Protein 0 44.0 ± 2.8ab 17.2 ± 3.4c 17.8 ± 1.7c 37.3 ± 3.4b 40.1 ± 5.1ab 46.6 ± 9.9a

3 27.5 ± 1.3b 28.3 ± 3.6b 28.8 ± 5.8b 29.5 ± 1.7b 36.6 ± 4.8a 40.7 ± 3.9a

14 44.2 ± 4.2bc 42.1 ± 3.9c 26.2 ± 1.5d 49.8 ± 3.1b 42.5 ± 3.2c 60.0 ± 5.9a
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4  Discussion

4.1  Effects of tannin on nitrogen transformation

Tannic acid addition (210  mg tannic acid  kg−1 soil, T 
treatment) quickly decreased protein (Table  4) and 
exhibited a negative linear correlation between tan-
nin and protein in soil (Fig. 2a). It suggested that tannin 
addition increased the stability of protein by forming 
complexes, but the effect of tannin on soil protein did 
not continue after 3 days. The decline in protein con-
tent did not decrease SON at the beginning of incuba-
tion (Table 2, Fig. 2b), nonetheless, SON diminished by 
tannin addition compared with CK after 3 days (Table 2, 
Fig. 2c) which mineralized to produce the inorganic N in 
the soil (Fig. 1b). Adamczyk et al. [17] reported that the 
tannin–organic N complexes were formed after tannins 
reaction with a variety of organic N such as amino acids, 
proteins, peptides, polyamines and amino sugar. There-
fore, Tannic acid addition did not significantly decrease 
the contents of  NH4

+–N and  NO3
−–N compared with 

CK in our study. Previous research reported that both 
low-concentration tannic acid (100 mg tannic acid  kg−1 
soil) and high-concentration tannic acid (5 g tannic acid 
 kg−1 soil) significantly reduced the soil  NH4

+–N contents 
[8]. In this study, the effects of tannin addition on soil N 
were less than that in the previous research [21] due to 
reduced addition. Therefore, the tannin content might 
be one of the factors to influence the results in different 
past experimentations. Studies had shown that tannin 
addition reduced the content of inorganic N and con-
verted it to organic N [4, 22], which ultimately reduced 
the N availability. Additionally, the magnesium, calcium, 
and manganese affect protein digestibility and the pro-
cess of complex formation [19]. Thus, the effects of tan-
nin on N might also be dependent on soil types [15] and 
probably related to metal ion concentrations in different 
soils, such as the role of iron [23] and fungal necromass 
[7, 24] in N transformation. There was a strong site-effect 
reported in differential response of C and N transforma-
tions to condensed tannins [15].

Furthermore, as a C source, tannin also participates 
in N cycling by affecting soil microbial communities 
and activities [5]. When tannin contents are lower, it can 
increase soil respiration, promote microbial activity to 
fix N, and reduce the net N mineralization rate. However, 
when tannin contents are higher, it inhibits the microbial 
activity by the toxicity of tannin, reduces soil respira-
tion and the biological fixation of N and slightly promote 
net N mineralization [21]. It explains a linear negative 
correlation between SOC and  NO3

−–N (Fig. 1a) that was 
found stronger in T treatment. The contrasting effects 

of low and high concentrations of tannins on soil enzy-
matic activity in the boreal forest were also observed in 
another study [25]. So, the increase of SOC with incuba-
tion at T treatment compared with CK indicated that the 
effect of tannic acid on soil C and N might be different 
and the effect on N was less than condensed tannin. 
The negative effect of condensed tannin was domi-
nantly focused on when studying the role of litter in soil 
C and N mineralization, such as of leaves [13] and roots 
[7]. It was even reported that condensed tannin (0.4 or 
4 g kg−1 soil) did not significantly affect net N mineraliza-
tion compared with the control in birch soil from Finland 
[15], which might be dependent on reaction time after 
tannin addition.

4.2  Effects of arginine and tannin‑arginine 
complexes on nitrogen transformation

The results showed that compared with CK treatment, argi-
nine treatment (A treatment) significantly enhanced soil 
 NH4

+–N, because amino acid-N, a low molecular weight N 
compound, was also easily transformed in soil [26] from 
amino acids to  NH4

+–N with the decline of SON after 
3 days. It was consistent with the relationship between 
SON and  NH4

+–N (Fig. 1b). However, arginine addition 
significantly increased  NO3

−–N contents after 3 days and 
thereafter improved slowly which may be related to the 
weakness of nitrification in subtropical red soil. Arginine 
addition, in fact, might increase soil  NO3

−–N before 3 days 
because the half-life of amino acids was less than 3 days 
[27, 28] and soil sample was not considered in this dura-
tion. Kielland et al. [29] also found that amino acids could 
rapidly be mineralized into  NH4

+–N, but the transforma-
tion rate of  NH4

+–N to  NO3
−–N was very slow.

The addition of arginine significantly promoted the 
emission of  N2O and cumulative emissions (Table 3). These 
findings are in line with results of an incubation experi-
ment adding amino acids, where, soil mineralization of 
eleven amino acids (100 mg AA–N g−1 soil) promoted 
a wide range in the production of  N2O (156.0 ± 79.3 ng 
 N2O–N g−1 soil) during 12 days incubations [30]. This may 
be due to the release of inorganic N from the mineraliza-
tion of amino acids and further nitrification. On the other 
hand, arginine addition promoted  N2O emission, which 
may be related to the contents of C-arginine [30] and the 
promotion of heterotrophic nitrification by added amino 
acid [31]. It is possible that arginine addition increased 
 NO3

−–N after 3 days by heterotrophic nitrification bacteria 
utilizing SOC (Figs. 1a, 2d). So, net  NO3

−–N contents were 
not an indicator of soil  N2O emission because of immo-
bilization of  NO3

−–N by microbes [32]. Another possibil-
ity could be that soil  N2O emission might occur prior to 
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 NO3
−–N production in nitrification after arginine addition 

(Tables 2, 3).
Compared with CK treatment, the addition of tannin-

arginine complexes (TA treatment) significantly increased 
 NH4

+–N which was less than treatment A, but more than 
treatment T. Their influences on  NO3

−–N were somewhat 
different with a small degree among them, suggesting a 
limited effect on nitrification due to  N2O emission which 
was yet higher as compared with CK. These results indi-
cated that after tannin influencing the soil, tannin-arginine 
complexes still have a role in impacting SON, but their 
effect on ammonification was weaker compared with tan-
nin alone. As a substrate, tannin-arginine complexes like 
tannin acid and arginine significantly decreased SOC and 
protein on day 0 and SON through the incubation, which 
suggested that the precipitation of organic N by tannic 
acid might decrease N leaching and may act as a source 
of N for plants [17]. As tannin-arginine complexes might 
be relatively unstable and still could form complexes with 
proteins (Table 4, Fig. 2a). It was reported that condensed 
tannins act as vital phenolic compounds, show inhibitory 
effects on net N mineralization, nitrification and regulate 
microbial communities [9, 18], thus, inhibiting microbial 
biomass N [15, 21]. It was concluded that purified tannin 
always precipitated more organic N complexes than tan-
nic acid [17]. Therefore, condensed tannin–organic N com-
plexes might be of higher stability. Due to condensed tan-
nins released from roots, boreal forest soil even had a great 
loss of organic matter before 3 years, and the formation 
of stable soil organic matter-N and increase of dissolved 
organic N after 3 years [7]. In conclusion, after the differ-
ential effects of tannin, the formation of tannin–organic N 
complexes might still impact soil to some extent.

4.3  Effects of BSA and tannin‑BSA complexes 
on nitrogen transformation

Bovine serum albumin (BSA), as an exogenous protein, has 
been often involved in research as a protein representative 
[17, 33]. Compared with CK treatment, the addition of BSA 
(B treatment) significantly increased  NH4

+–N only on day 14, 
which was lower than that in A treatment. Jones and Kiel-
land [33] argued that BSA was converted to  NH4

+–N in the 
litter layer only about 10 days in an artificially adding BSA 
experiment and thereafter converted to  NO3

−–N at almost 
30 days. Since the present experiment only carried out for 
14 days, the mineralization of added BSA by microbes was 
not enough to produce more  NH4

+–N as results of 4 weeks 
compared to 2 weeks had been reported in the research 
[15]. The soil  NO3

−–N was higher than SON, the increase 
of  NO3

−–N and  N2O emission coupled with the decline of 
SON and protein with BSA addition compared with CK treat-
ment suggested that heterotrophic nitrification also played 

a key important role in soil N transformation as amino acid 
did. These results showed that protein transformation was 
slower and needed more time that limited the N mineraliza-
tion [33, 34], so SON decreased prior to the mineralization 
of protein (Table 2). However, considering the changing of 
each N form the decline of SON still mainly contributed to 
the increase of inorganic N, especially  NH4

+–N.
The addition of tannin–BSA complexes (TB treatment) 

had non-significant effect on soil  NH4
+–N, which was dif-

ferent from the effect of TA treatment. While, TB increased 
 NO3

−–N more than B treatment compared with CK, and 
also enhanced soil  N2O emission similar to that of BSA. 
A previous study reported that the addition of BSA–tan-
nins complexes (BSA–tannic acid) to the soil resulted in 
a decrease in net N mineralization compared to protein 
added alone [14]. The findings of Joanisse et al. [34] also 
showed that BSA alone increased net N mineralization 
much more than BSA complexed with tannic acid (hydro-
lysable tannin). Tannin–protein complexes are stable and 
difficult to be directly utilized [4] and hard to be degraded 
by enzymes [10], which might enhance the utilization 
of SON by microbes to increase  NO3

−–N (Table 2), and 
increase protein content (Table 4). In addition, purified 
tannin-protein can be utilized by plant mycorrhizal sym-
bionts [34], allowing the retained organic N to re-enter the 
N cycle. Therefore, in this experiment the mineralization 
might be less affected by TB treatment. Furthermore, TB 
treatment could play a significant role in slowing down the 
degradation of soil nitrogenous compounds [35], which 
was different from the role of TA.

Plant tannins entered the soil through litter, root exu-
dation, and produced tannin-protein complexes with 
proteins. However, there was a different extent of degra-
dation among the complexes with tannic acid (hydrolys-
able tannin) and complexes with condensed tannins [13, 
14]. Moreover, there was diverse net N mineralization or 
net nitrification with the addition of condensed tannin-
Rubisco, -chitin or -BSA [15]. The presence of plant roots 
in boreal forest soil even enhanced the formation of sta-
ble soil organic matter-N after 3 years, attributing to the 
condensed tannins [7]. Therefore, when we are concerned 
about the effects of tannin on soil N dynamics, originat-
ing from differentially decomposing litters, the role of 
tannin–organic N complexes should also be paid decent 
attention because these are used to coexist on or in the 
soil.

5  Conclusions

Tannin acid might quickly precipitate the protein by form-
ing the complexes. Tannin-arginine complexes did not 
affect soil inorganic N as exhibited by tannin alone. It is 
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possible that the tannin-amino acid complexes served 
as N source to promote soil N transformation and might 
have a priming effect on soil N contents. Tannin–BSA com-
plexes acted as a stable N source in the soil which was 
difficult to be directly utilized by microorganisms that 
played a key role in immobilizing SON. In the process of 
plant litter decomposition, it was not only tannin contents 
that affected its decomposition, but also N metabolism, 
including protein hydrolysis, the interaction between tan-
nin and organic N would also regulate soil N cycling. It is a 
supplement to the mechanism for clarifying the effect of 
tannin–organic N complexes on soil N transformation with 
litter decomposition.
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