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Abstract

The rapid expansion of Solidago canadensis and climate warming in southeastern China may 
interactively affect soil net nitrogen (N) mineralization, which may lead to plant invasion. A greenhouse 
simulated experiment was conducted with invasion, warming, and their interaction to investigate these 
changes’ effects on soil net N mineralization in an ecological system. Our results indicated that the 
average rate of net mineralization, nitrification, and ammonification decreased with invasion, warming, 
and their interaction. The enzyme activities and pH showed more sensitivity in warming than invasion, 
and have a similar decreased trend with net N mineralization response to environmental changes, except 
sucrase. At the same time, enzyme and pH may play a key role in the process of net N mineralization 
from Pearson’s correlation and redundancy analysis, especially for sucrase and urease. In addition, the 
lower produced of litter biomass by plants growing in pots was also an important reason for the decrease 
of net N mineralization rate. These results indicated that the significant decrease in substrate quality (N 
availability) by the increase in invasion and warming may cause the deterioration of species production 
in soil, which will have important consequences for soil ecology, N-cycles, and plant invasion.
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Introduction

Mean global temperature has increased by 
approximately 0.74ºC over the last century (1906-2005), 
and the global climatic models are predicted to raise the 
mean global temperature by 1.0 to 3.5°C in the next 50 
to 100 years due to the joint influence of both natural 
and human factors [1]. In 2007 the IPCC indicated the 
reliability that human activities will lead to climate 
warming at 90%. The impact of human activities 
on climate warming mainly comprises emissions of 
greenhouse gases, changing properties of underlying 
surface, and releasing heat to the atmosphere [2]. This 
warming effect has resulted in reducing the temporal 
stability of plant community biomass production 
[3], altering the soil characteristics, and may lead 
to increased plant invasions [4]. Plant invasion is 
recognized as a species that is established outside of 
its natural past or present distribution [5] and believed 
to cause damage to the environment and human health 
[6]. On whose introduction and/or invasion may alter 
ecosystem properties and community dynamics, even 
participating in feedback loops that affect climate 
change [7]. For example, Yuan et al. [8] observed 
that exotic Spartina alterniflora invasion alters the 
ecosystem atmosphere exchange of CH4, N2O, and 
C sequestration in a coastal salt marsh in China. In 
addition, changes in an environment could significantly 
interact with other global change processes, such as 
biological invasions [9]. The previous study found 
that climate warming and biological invasion both can 
affect the nitrogen (N) cycle and content in soil [4, 
10]. However, the potential for the warming and plant 
invasion interact in regulating soil N dynamics in the 
ecosystem has not been well studied.

Soil N plays an important role in impacting soil 
capacity to maintain biological productivity and 
regulating atmospheric N compositions [11]. The 
dynamic of N in soil will alter temporal-spatial 
distribution and performance of native plants, and 
even affect invasive plants through enhanced species 
invasiveness and community invisibility [12, 13]. 
In turn, the production of differing quantities and 
qualities of above- and below-ground biomass [14] with 
associated changes in competitive balance in favor of 
fast-growing invasive species and litter decomposition 
[15] may alter the N pools, forms, turnover and cycling 
in plant biomass, litter, and soil [15, 16]. Most studies 
focus on the N deposition effects on plant invasion, 
but the effect of plant invasion on the soil N dynamic 
is less known, especially for the net N mineralization, 
which occurs when inorganic N is released from litter 
and soil organic matter during decomposition [17] and 
is positively correlated with plant growth and litter 
production [18].

S. canadensis: A widespread notorious rhizomatous 
clonal weed native to North America [19] and introduced 
as a horticultural plant in 1913 that has become one of 
the most aggressive invasive perennial species in China, 

invading abandoned fields, disturbed habitats, and 
farmland [20]. S. canadensis clonal growth can lead to 
a dense population that results in crowding out native 
vegetation [21, 22], causing severe damage to local 
biodiversity and the natural ecosystem. Furthermore, 
extracts from the rhizome of S. canadensis inhibited 
seed germination of wheat by at least 50% [23], 
seriously affecting agricultural production and food 
safety. Therefore, S. canadensis has been listed as one 
of the most destructive and widespread invasive plant 
species in China [24]. Although invasive S. canadensis 
has become a major concern around the world, processes 
contributing to soil N turnover from its invasion is still 
relatively unknown [25]. 

High N availability will increase native shrub 
canopy loss and mortality while favoring nonnatives, 
leading to higher biomass and cover of nonnative 
species [26]. However, though changes in environmental 
could significantly interact with biological invasions [9], 
few explicit experiments have been conducted to test 
the direction and magnitude of N mineralization in the 
soil with plant invasion level, with the help of certain 
environmental changes. In this study, we conducted 
a time displacement experiment from uninvaded to 
invaded level, to study the effects of invasion-induced 
changes on soil N turnover. Higher quality and faster 
nutrient cycling rates of invasive species than natives 
have been recorded in previous studies [27]. Thus, 
we hypothesized that (1) the soil net N mineralization 
rates will increase with invasion. As the warming may 
accelerate the rates of N mineralization in the soil [28, 
29], so we hypothesize that (2) the interacting effect 
of warming and plant invasion will greatly enhance 
mineralization rates of soil net N. Considering that the 
S. canadensis invasion did not cause the significant 
change of the richness and diversity of N-fixing 
microorganisms [30], we also hypothesize that (3) soil 
net N mineralization rates in the soil might be more 
sensitive to climate warming than plant invasion.

Material and Methods  

Experiment Design

The experiment was carried out using the invasive 
S. canadensis (S) and native Artemisia argyi (A) – 
both belonging to the Asteraceae family, rhizomatous 
perennial plants, posing composite high stalk plants and 
the similar inhabit niches in China [31, 32]. The seeds 
of S. canadensis and A. argyi were collected from one 
population in a typical plant community dominated 
by these two plants in the suburb of Zhenjiang, China 
(119°51́ E, 32°20´N) during the autumn season of 
2016. On May 15, 2017, the seeds of S. canadensis and 
A. argyi were separately placed on the surface of the 
natural soil in garden pots kept in cultivation (diameter 
24 cm; height 18 cm). Natural soil collected from  
the field sites where the two plants both growing  
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served as the substratum (TN: 747.10±14.90 mg Kg−1, 
NO3

--N: 4.62±0.56 mg kg−1, NO4
+-N: 36.20±13.77 mg kg−1, 

pH: 4.5~6.0). When the plants had grown about 
1cm in height (June 6, 2017), they were thinned to 
two invasion levels to represent ambient (uninvade,  
A3: three A. argyi) and invasion (invaded, S2A2: two 
S. canadensis+two A. argyi), respectively. Considering 
that productivity was constant in the pot while these 
two species saw unbalanced distribution in the field,  
we used different amounts of individuals in this 
experiment in order to highlight the uninvaded and 
invaded levels [33, 34].

The warming treatment was heated with a 
greenhouse [35], with windows and ventilators (380v, 
2000w) installed at both ends for cross-ventilation [36, 
37]. The control group was placed out of the greenhouse 
(ambient). To avoid the conditions different within and 
out of the greenhouse, the greenhouse was made of 
solar sheets with light transmittance of up to 96% [38, 
39]. The air temperatures were recorded under ambient 
and warming conditions with data loggers (TH11R, 
HHW, China) at 10-min intervals during the course of 
the experiment [40].

There were a total of four manipulations in our 
experiment: ambient (CK, A3), invasion (S2A2, I), 
warming (A3+warming, W), and interact with invasion 
and warming (S2A2+warming, I+W). Each experimental 
manipulation was replicated 8 times. There were a total 
of 32 pots in our experiment and layout was randomized. 
During the period of the experimental setup, adequate 
tap water was supplied daily. 

Soil Sampled 

During the growing season (95 days after thinning, 
September 6, 2017), five rhizosphere soil samples of 
0-15 cm depth were obtained following an S-shape in 
each pot after the litter and root were removed, and then 
it was well blended as suggested by Liu et al. [41]. One 
part of the sample was kept under the cold condition 
for transport back to the fridge and stored at 4ºC for 
further analysis. Another part was air-dried, ground in 

a planetary ball mill (Retsch MM400, Haan, German) 
and sieved to collect fractions with a particle diameter 
between 0.02 and 2 mm [42]. 

Physico-Chemical Measurements

The soil reaction (pH) was determined using a 
pH meter with a glass electrode in a soil-pure water 
suspension at a ratio of 1:2.5 [43]. The inorganic N 
(NH4

+-N and NO3
--N) was extracted the day after 

sampling with 1 M KCl in a fresh soil-to-solution ratio 
of 1:12.5 and shaking for 1-hr and extract analyzed 
calorimetrically using a UV-2600 flow injection 
analyzer (Shimadzu Corp., Japan) [10]. 

The activity of soil enzymes is a good indicator 
of soil biological properties [43], even representing 
the scope of nutrient cycling and the process of 
decomposition [44]. The activity of soil enzymes in our 
experiment was measured by using dry soil. Especially 
the activity of urease was measured based on urea 
visualized by phenol sodium hypochlorite, and also by 
the spectrophotometric determination of ammonium at 
578 nm [45]. Urease activity was expressed as NH4

+-N 
released per gram of soil per hour [46]. The sucrase 
activity was determined by the 3,5-dinitrosalicylic acid 
anthracenone method and expressed as mg glucose g−1 
soil 24 hr–1 [47]. The activity of catalase was determined 
by permanganate (KMnO4) titration [44]. 

Calculation and Statistics

In our study, soil net N mineralization (SNmin) 
includes net mineralization (Nmin, inorganic N), net 
nitrification (NNmin, NO3

--N)), and net ammonification 
(ANmin, NH4

+-N).  The Nmin, NNmin, and ANmin as 
the difference between planting and harvest (end-start) 
in soil [48, 49]. All values were standard transformed 
using the min-max normalization method to satisfy the 
requirements of normality and homogeneity of variance. 
Data on the SNmin and enzyme were tested for the 
effects of warming or invasion with generalized linear 
models. Pearson’s correlation and redundant analysis 

Fig. 1. Comparison of the daily average temperature for ambient and warming treatments during the 2017 growing season (daily data: 
mean±SE).
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(RDA) were also used for linking N mineralization 
and other factors (enzyme activities, pH, invasion, 
warming). Differences were considered significant 
when the t-test P-value was below type I error at  
α = 0.06. All statistical analyses were performed using 
IBM SPSS Statistics 22.0 software (SPSS v2018, 
Chicago, IL, USA). All figures were drawn using 
Origin Pro 8.6 software (Originlab Co., Northampton, 
MA, USA).

Results and Discussion

Throughout the study period, mean temperature 
during warming treatment was 31.00±0.36ºC, which 
was 1.98ºC significantly higher than 29.02±0.37 in the 
ambient (P<0.001, Fig. 1). This increase successfully 
correlates with projected global warming by 2050 [50].

Net N Mineralization

The invasion and warming treatments in our 
experiment have a significant effect on the Nmin and 

ANmin (all P<0.01, Fig. 2a, b), while NNmin didn’t 
show a significant change (P=0.163, Fig. 2c). The 
Nmin shows a 4.21% decrease in an invasion than in 
the ambient, while they did not reach the significant 
level (P=0.132, Fig. 2a). Treatment with the warming 
and interaction of invasion and warming had distinctly 
decreased by 11.40% and 9.46% in Nmin compare 
to ambient treatment, respectively (P<0.01, Fig. 2a). 
The trend of ANmin and NNmin response to the 
invasion and warming was similar to Nmin (Fig. 2), 
the difference is that ANmin reached a significant level 
(Fig. 2b), while NNmin did not reach a significant level 
in warming and the interaction treatment compare to 
ambient treatment (Fig. 2c). 

Enzyme and pH

Sucrase level was similar across all treatments  
(P=0.646, Fig. 3a), and the content was increased to 
some extent and the highest was observed in warming 
treatment (12.954±3.159, Fig. 3a). The urease was not 
affected by the invasion (P=0.712, Fig. 3b), while the 
warming and interaction of warming and invasion 

Fig. 2. Soil net N mineralization with manipulations. Where a) is net mineralization rate (Nmin), b) is net ammonium rate (ANmin), c) is 
net nitrification rate (NNmin); ambient, warming, and invasion were abbreviated as CK, W, and I; different letters indicate significance 
level at P<0.05, and values represent the mean±SE.

Fig. 3. Enzyme and pH with manipulations, where A is sucrase, B is urease, C is catalase, and D is pH; ambient, warming, and invasion 
were abbreviated as CK, W, and I; different letters indicate a significant level at P<0.05, and values represent the mean±SE.
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were significantly lower than ambient and invasion 
treatments (all P<0.01, Fig. 3b). The difference from 
the warming treatment was a significant decrease in 
the catalase content compared to ambient and invasion 
treatments (P<0.05, Fig. 3c), with the invasion treatment 
slightly increasing the content of catalase, while the 
interaction of invasion and warming showed a decrease 
to some extent (all P>0.05, Fig. 3c). Neither invasion 
nor warming caused significant changes in pH, while 
they declined sharply in pH following their interaction 
(4.875±0.227, P<0.05, Fig. 3d). Overall, urease, 
catalase, and pH were all sensitive to our experimental 
manipulations (all P<0.001, Fig. 3), except sucrase.

Correlation Analysis 

Correlation analysis was applied to the data in order 
to determine the relationship between the three kinds of 
N mineralization, enzymes, two environmental factors, 
and pH in this study. The results indicate that there was 
a significant positive correlation between the three kinds 
of net N mineralization (P<0.06, Table 1). Sucrase was 
irrelevant with catalase (P>0.06, Table 1), while both of 
them had a positive relationship with urease (P<0.06, 
Table 1). Similarly, Nmin was a close relation to sucrase 
and urease (P<0.06, Table 1). Catalase and pH did not 
show any relationship with other properties, except for 
urease and warming. The result was also shown that 
soil properties were repressed by warming (P<0.06, 
Table 1), except for sucrase. However, the invasion was 
only negatively correlated with pH (P<0.01, Table 1).

In the RDA of net mineralization rates of soil 
N with an environmental factor (enzyme activities, 
pH, invasion, warming) as the explanatory variables,  
Axis 1 (the x-axis) accounted for 37.9% of the variation 
in the dataset, with 1.9% of the variation accounted for 
by Axis 2 (the y-axis). Together, soil enzyme activities, 
pH, invasion, and warming explained 99.5% of the 
variation in the soil N mineralization (Fig. 4). Generally, 
warming has contributed more to the separation of the 
samples, as samples with ambient at the left-hand end 

of the ordination, and samples with warming at the 
right-hand end of the ordination. The SNmin (Nmin, 
ANmin, NNmin) changed mainly along the direction 
of the x-axis, indicating that the environmental factors 
related to the x-axis were the main factors affecting soil 
mineralization. The patterns along the x-axis correlated 
positively with soil pH, enzymes and warming. Soil 
mineralization showed inconsistent responses to 
environmental factors. Whereas high Nmin, ANmin, 
and NNmin with high soil pH, catalase, and urease 
were found at the left-hand end of the ordination plots, 
while invasion, sucrase, and warming induces SNmin 
decreased (Fig. 4).

Net N Mineralization Did Not Increase 
with the Invasion

The soil of invaded stands had slightly lower SNmin 
than the control group, including Nmin, ANmin, 
and NNmin (P>0.05, Fig. 2). All these data suggest 
lower rates of N cycling in the invaded stands. This 
result rejected our first hypothesis that the soil net N 
mineralization rates will increase with invasion, which 
may be because the litter biomass produced by plants 
growing in pots was generally low [51], thus restricting 
the role of litter decomposition in the N mineralization 
process. The exudation of chemical compounds via 
roots and nutrient uptake were different among various 
plant species [52], which will also contribute to the N 
mineralization and biological processes associated with 
N, but the rhizomes of invasive species did not form 
completely before harvesting [53], which thus limited 
the allelopathic effects into full play, even affecting the 
microbial activity and composition of the soil biota [54].

Net N Mineralization Decreased 
with Warming 

Soil net N mineralization involves biological 
processes that are temperature-dependent [55]. 

Table 1. Pearson’s correlation analysis among soil net N mineralization, enzyme activity, pH and environmental factors.

Nmin ANmin NNmin Sucrase Catalase Urease pH Warming

ANmin 0.920**

NNmin 0.659** 0.366*

Sucrase -0.345* -0.348* -0.260

Catalase 0.119 0.042 0.043 0.169

Urease 0.344* .222 0.305 0.358* 0.565**

pH 0.262 0.227 0.111 -.028 -0.073 0.119

Warming -0.613** -0.497** -0.345* 0.160 -0.597** -0.641** -0.325

Invasion -0.065 0.000 -0.098 -0.087 0.331 -0.034 -0.464** 0.000

**indicates the significant level at P<0.01, * indicates the significant level at P<0.06; Abbreivation: Nmin: net mineralization rate; 
ANmin: net ammonium rate; NNmin: net nitrification rate. Values are correlation coefficient.
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Observations in our study showed a significant negative 
effect of warming on the SNmin, which was in contrast 
to the general belief that soil N mineralization rate 
increases with warming [1, 55, 56]. This could be 
primarily attributed to the high-temperature (more than 
30ºC) constraint on microbial activity, for example 
Zaman and Chang. [57] observed that nitrifying bacteria 
in agroforestry systems is optimal at or around 25ºC. 
However, the lower NNmin at warming than at the 
ambient was in agreement with the results of the earlier 
findings showing that both net and gross nitrification 
rates declined with increasing temperature from 15 
to 20ºC [58]. These negative responses in NNmin to 
warming may be caused by the limited availability of 
soluble organic C in their soils [57], and the catalytic 
power of enzyme decreases with warming may also 
be a necessary reason [59]. The ANmin decreases with 
increasing soil temperature were also observed in [49], 
and were attributed to the lack of positive response 
in ammonification to increasing temperature to the 
accelerated immobilization of NH4+-N by microbes [49, 
60].

Net N Mineralization Response to the Interaction 
of Plant Invasion and Warming 

Changes in environmental variability could 
significantly interact with other global change processes 
[9], such as biological invasions, an important element 
of global change [6]. Therefore, understanding of 
whether soil N turnover responds to warming varies 
with the invasion in the terrestrial ecosystem is 
essential for assessing soil N cycling and plant invasion 
[4]. Our results showed that temperature and invasion 
could interactively effect the SNmin process, strongly 
supporting our second hypothesis that the interacting 

effect of warming and plant invasion will greatly 
enhance mineralization rates of soil net N, which may 
be because these two changes often as the controlling 
factor over soil microbes [40, 61], mycorrhizal 
colonization, and soil-plant feedback [62]. As the 
r-value in Pearson’s analysis and the length of the arrow 
in RDA analysis indicates, the proportion of variability 
is explained by the variable [63, 64]. Therefore, 
from the correlation analysis, we observed that the N 
mineralization was more sensitive in warming than 
invasion level, which supported our third hypothesis 
that soil net N mineralization rates in the soil might be 
more sensitive to climate warming than plant invasion, 
and consistent with the magnitude of changes in soil 
microbial activities, gross N mineralization, nitrification 
rates, and net mineralization rates being much greater 
in response to temperature changes compared to the 
changes in soil moisture content or substrate type [57]. 
This may be due to:
1. The temperature in warming treatment significantly 

increasing by 1.98ºC during the experimental 
period (Fig. 1), inducing the temperature beyond 
the optimum activity range for some key enzymes 
and microbes [57]. Therefore, the strong response 
in N turnover (SNmin decrease) to the experimental 
warming associated with the enzyme and microbes, 
which is sensitive to temperature [29]. 

2. Although invasive S. canadensis had positive 
allelopathic effects on its own growth [65], in our 
short-term cultured experiment, invasive species 
might not have had long enough residence time 
to exhibit its allelopathic effects into full play, 
especially for the rhizomes that did not form 
completely [53, 66, 67]. 

3. The soil organic matter content is lower, as the litter 
biomass produced by invasive plants growing in pots 

Fig. 4. Result of redundancy analysis (RDA) based on soil mineralization and impact factors (enzyme activities, pH, invasion, warming); 
Nmin is net mineralization rate, ANmin is net ammonium rate, and NNmin is net nitrification rate; samples in the same colors indicate 
sampling in the same treatment (black hollow circle: CK; gray solid circle: invasion; black hollow star: warming; gray solid star: invasion 
+ warming).
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was generally low [51]. Therefore, the soil N turnover 
was more sensitive in warming than invasion, and 
warming plays a key role when these two factors 
interact.

The Mechanism of Soil Net N Mineralization 

Soil net N mineralization rate regulates the processes 
of N consumption (immobilization) and the production 
(mineralization) of N by microbial activity during 
incubation [58]. The negative values of Nmin, ANmin, 
and NNmin indicates that the N immobilization is 
larger than mineralization in our results (Fig. 2) [68]. 
Therefore, SNmin has no significant changes in invasion 
treatment, which may be because the S. canadensis 
invasion only alters the community structure, rather 
than the diversity and richness of soil N-fixing bacterial 
communities [30], and even some important soil 
physicochemical properties such as pH and enzyme 
also did not change (Fig. 3). While the richness  
of N functional microbial communities of the prairie 
was significantly affected by warming, especially  
for the nirK-harboring bacterial community, the 
richness was decreased and a structural change was 
observed after 1 year of warming [69]. These results are 
consistent with some previous analyses in soils, and the 
temperature plays a more primary role in shaping and 
controlling microbial growth, activities, and diversity 
than other proposed environment drivers, pH, N, and 
C [70, 71], also supported our third hypothesis to some 
extent. 

Although we did not have the microbial data 
here, we measured the activity of soil enzymes from 
communities of bacteria and fungi. Enzymes act as a 
reliable, easy, and sensitive indicator of the quality 
and health status of the environment. It also relates 
to the trend and strength of the biochemical process, 
which directly or indirectly affects soil productivity, 
economy and ecosystem performance of organic matter 
degradation, mineralization of N or nitrification [72, 
73]. Our results showed that the sucrase, catalase, and 
urease were decreased with invasion and warming, 
which may be correlated with the lower concentration 
of soil organic matter [74]. In addition, the enzyme 
activities are sensitive to temperature, and the different 
enzymes have a different optimum reaction temperature 
[43]. Pearson’s correlation and RDA analysis showed 
that the net N mineralization strongly depended on 
urease and sucrase, which may be because of the 
urease and sucrase involved in N-cycle and C-cycle 
[72]. The catalase has no significant (limited) effect on 
N dynamic, which is consistent with the results under 
Agroforestry Systems in Northern Jiangsu Province 
[73]. The pH was negatively correlated with invasion 
(Table 1), which was also observed in the soil of 
Amaranthus retroflexus invasion sites [75]. The increase 
in pH will also directly stimulate nitrification by 
increasing the ratio of ammonia (NH3

--N) to (NH4
+-N) 

[76, 77], even determining the relative proportion of 

inorganic N that was nitrified [78]. Therefore, the 
decreased pH in manipulation must affect the SNmin in 
direct paths in our results (Table 1, Fig. 4), especially in 
the interaction of invasion and warming (Fig. 2).

Overall, Nmin, ANmin, and NNmin were not only 
suppressed by environmental factors, but also were 
affected by the enzyme and pH, which may even relate 
to N-fixing bacteria [30]. The previous study showed 
that ANmin and NNmin were significantly influenced 
by soil moisture and root biomass [49], and a significant 
positive correlation was also found between Nmin and 
fine-root biomass [48]. It was reported that the increase 
in fine-root biomass can lead to the increase of root-
derived C, which is coupled with stimulating microbial 
activity and accelerating N transformation in the soils 
[79], even affecting the C:N soil [80]. Therefore, the 
decrease of SNmin with S. canadensis invasion and 
climate warming may result in the N mineralization 
and transformation processes slowing down, thereby 
exacerbating the shortage of nitrogen and species 
competition. In general, the invasive species possess 
the stronger environmental adaptability and capacity 
for nutrients compared with native species [20, 81], 
which would lead invasive species invasions to be more 
successful under the condition of an N shortage induced 
by plant invasion and climate warming. 

Conclusions

The study presented here examined the invasion, 
warming and their interactive effect on soil net N 
mineralization. The results suggest that a complete 
conversion from uninvaded pots to S. canadensis 
invasion would slightly reduce the net N mineralization 
rates. However, the presence of warming significantly 
decrease the net N mineralization rates at both 
uninvaded and invaded pots. These results are tightly 
related to the pH and enzyme in soil, and may also be 
related to the litter production and allelopathic effects 
in the plant. Therefore, the environmental changes in 
plant invasion and climate warming, and the subsequent 
decreased net N mineralization in soil that would be a 
possible decrease the nutrient source for vegetation [82], 
even exacerbate species competition and feedback on 
other ecological processes. However, those aspects may 
have been considerably incomplete so far. All need to 
be studied further. 
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