
According to the latest Intergovernmental Panel 
on Climate Change (IPCC) report, the global mean 
surface temperature has risen approximately by 
0.85°C over the past 130 years (1880–2012) (IPCC 

2014). The elevated surface temperature has a 
substantial impact on soil nutrients (carbon (C), 
nitrogen (N) and phosphorus (P)) in terrestrial 
ecosystems, resulting in a positive or negative 
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ABSTRACT
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and phosphorus distribution in soil water-stable aggregates. Plant Soil Environ., 64: 64–69.

A five-year (2010–2015) field experiment was conducted to investigate warming impacts on organic carbon (OC), 
total nitrogen (TN) and total phosphorus (TP) contents and their ratios in bulk soil and soil water-stable aggregates 
in an alpine meadow of the Tibetan Plateau. Compared with unwarmed control, warming had no significant effects 
on OC, TN and TP contents and their ratios in bulk soil. The contents of OC, TN and TP associated with macroag-
gregates and microaggregates decreased, whereas those associated with silt + clay fractions significantly increased. 
The C:N and C:P ratios in macro- and microaggregates and silt + clay fractions decreased, with significant differ-
ences for C:P ratio in microaggregates and C:N and C:P ratios in silt + clay fractions. The results indicated that C, 
N and P were protected chemically in silt- and clay-size fractions under warming, which offset the loss of C, N and 
P protected physically by macro- and microaggregates. Both physically and chemically protected C decomposition 
proceeded relatively more rapidly or accumulated relatively more slowly than did N and P. Our results suggest that 
C, N and P distributions within soil aggregate size fractions influence their net changes in bulk soil under future 
climate change scenarios.
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feedback to climate change (Finzi et al. 2011). 
Therefore, understanding C, N and P in responses 
to climate warming is paramount to evaluate the 
interrelationships between terrestrial biogeochemi-
cal cycles and global climate change.

In previous studies, many researchers examined 
the effects of field experimental warming on C, N 
and P dynamics in grassland ecosystems. However, 
no consistent results have been presented so far. 
Some studies showed that warming did not affect 
soil organic carbon (OC), total N (TN), and total 
P (TP) contents (Wang et al. 2014, Yu et al. 2014, 
Zhang et al. 2015, 2016), whereas other studies 
found that warming significantly decreased soil 
OC, TN and TP contents (Li et al. 2011, Rui et al. 
2012, Alatalo et al. 2017). Both biotic (e.g., veg-
etation biomass, microbial activity) and abiotic 
factors (e.g., soil moisture, elevational gradient) 
were considered to contribute to the contradic-
tory findings (Wang et al. 2014, Yu et al. 2014).

Soil aggregation is an important process to sta-
bilize soil organic matter from mineralization by 
physical and chemical protections (O’Brien and 
Jastrow 2013, Zhao et al. 2017, Zhong et al. 2017). 
The formation and disruption of soil aggregates 
generally followed the retention and release of 
soil nutrients (Six et al. 2004, Totsche et al. 2017). 
Thus, from the point of view of soil aggregates, 
we might reveal the intrinsic mechanisms of nu-
trient retention and release in soil. However, to 
our knowledge, little information was obtained 
on the dynamics of C, N and P associated with 
soil aggregates under climate warming scenarios 
(Guan et al. 2018).

The Tibetan Plateau, the largest and highest 
plateau in the world, is vulnerable and highly sen-
sitive to climatic change (Li et al. 2017). Previous 
studies demonstrated that the Plateau has been 
undergoing significant warming in recent decades, 
with a magnitude larger than the global average 
(Ren et al. 2012). Therefore, the objectives of the 
present study are to examine the responses of 
soil OC, TN and TP associated with bulk soil and 
soil aggregate size fractions to climate warming 
in a Tibetan alpine meadow. The hypothesis of 
this study is that warming-induced nutrient re-
distribution within different aggregate size frac-
tions determines their net changes in the whole 
soil. This study is of great importance for deeper 
understanding of C, N and P cycles in terrestrial 
ecosystems under future climate change scenarios.

MATERIAL AND METHODS

Study site and experimental design .  The 
warming experiment was established in an alpine 
meadow at the Damxung Grassland Observation 
Station (30°29'N, 91°05'E, 4333 m a.s.l.), Tibetan 
Autonomous Region, northwest China. The cli-
mate is continental monsoon, with a mean an-
nual temperature of 1.3°C and an average annual 
rainfall of 476.8 mm. The soil was developed from 
Quaternary deposit and is classified as Inceptisol 
(USDA Soil Taxonomy) or Cambisol (WRB Soil 
Classification). The soil texture is sandy loam 
(67.0% sand, 18.2% silt, and 14.7% clay), with pH 
of 6.95 and contains 11.3 g/kg organic C, 1.20 g/kg 
total N, and 0.50 g/kg total P in the top 0−15 cm 
soil layer. The soil depth ranges from 30 to 50 cm 
(Zhang et al. 2009). The vegetation is dominated 
by Kobresia pygmaea, Stipa capillacea, and Carex 
montis-everestii.

The experiment was initiated in July 2010 and was 
arranged in a randomized complete block design 
consisting of five replicates. Two treatments, i.e., 
unwarmed control (CK) and year-round warm-
ing (YW) were chosen for the present study. The 
conical open-top chambers (OTCs) were used as 
passive warming devices; they were made of 3 mm 
thick polycarbonate plastic with 1.0 m in diameter 
at the top opening, 1.5 m at the bottom and 0.4 m 
in height. During the experimental period, rain 
water could flow freely from the sides of the OTCs. 
The entire area of experimental plots was fenced 
against herbivores. Soil temperature and moisture 
at 5 cm depth were monitored synchronously at 
a half-hour interval.

Soil sampling and analysis. Surface soil samples 
(0−20 cm) were collected in June 2015. In each 
experimental plot, five soil cores were randomly 
taken and mixed into one composite sample. The 
field moist soil samples were gently broken up 
along natural weak planes, sieved to pass through 
a 5 mm mesh and then air-dried. Visible plant 
residues were removed manually with tweezers, 
whereas small root debris were separated from 
soil by electrostatically charged stick (Kuzyakov 
et al. 2001).

Soil samples were wet-sieved into macroaggregates 
(> 0.25 mm), microaggregates (0.25−0.053 mm), 
and silt + clay fractions (< 0.053 mm) at ambient 
temperature (Cambardella and Elliott 1993). OC 
contents in bulk soil and soil aggregate size frac-
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tions were determined using the H2SO4-K2Cr2O7 
oxidation method, TN were measured using semi-
micro Kjeldahl digestion method, and TP were 
measured using molybdate colorimetric method 
after sodium hydroxide fusion (Lu 2000).

Statistical analysis. Statistical analysis was per-
formed with the SPSS 16.0 software (Chicago, USA). 
One-way analysis of variance (ANOVA) followed 
by the least significant difference (LSD) test was 
used to compare the differences between CK and 
YW treatments at a significance level of P < 0.05.

RESULTS AND DISCUSSION

The mean monthly rainfall and air and soil tem-
peratures at 5 cm depth inside/outside the OTCs 
recorded during the experimental period were given 
in detail in our previous study (Guan et al. 2018). On 
average, warming increased the annual soil tempera-
ture by 1.3°C and decreased soil moisture by 4.70% 
(v/v). Similar to our observation, other researchers 
also found that experimental warming resulted in 
a decrease of soil moisture (Wang and Wu 2013, 
Wang et al. 2014). Notably, the diameter of the OTCs 
can affect the edge effect (such as distribution of 
rainwater or snow) (Shi et al. 2014) and, in turn, the 
change in soil moisture. Moreover, it was observed 
that the annual aboveground biomass values were 
lower under warming (Figure 1), which could result 
from the warming-induced soil drying as reported 
by (Fu et al. 2013).

Compared with CK, warming had no significant 
effect (P > 0.05) on OC, TN and TP contents in 
bulk soil (Figure 2). Also, warming had no sig-
nificant effect on C:N and C:P ratios in bulk soil 
(Figure 3). Our result was consistent with the 
findings of previous studies conducted in other 
grassland ecosystems (Wang et al. 2014, Yu et al. 
2014, Zhang et al. 2015, 2016). The insignificant 
responses of OC, TN and TP contents and their 
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Figure 1. Annual aboveground biomass during the exper-
imental period from 2010 to 2015. Vertical bars represent 
standard deviation of the mean (n = 5). Different lowercase 
letters indicate significant differences between treatments 
(P < 0.05). CK – unwarmed control; YW – year-round 
warming

Figure 2. Organic carbon, total nitrogen and total pho-
sphorus contents in bulk soil and soil aggregate size 
fractions. Vertical bars represent standard deviation of 
the mean (n = 5). Different lowercase letters indicate 
significant differences between treatments (P < 0.05). 
CK – unwarmed control; YW – year-round warming
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ratios to warming in the alpine meadow ecosys-
tem were of importance for ecological stability in 
this region under climate warming scenario. In 
the previous studies (Wang et al. 2014, Yu et al. 
2014), changes in biotic (e.g., vegetation biomass, 
microbial activity) and abiotic factors (e.g., soil 
moisture, elevational gradient) were considered 
to be responsible for the insignificant changes of 
soil nutrients. The present study, however, has 
not provided direct evidence to support these 
previous explanations. Yet, it has proposed a new 
explanation of the negligible responses of soil nu-
trients to warming from the point of view of soil 
water-stable aggregates. The details are discussed 
in the following section.

The weight proportions of macroaggregates, 
microaggregates and silt + clay fractions were 46.3, 
40.1 and 12.2% for CK treatment and 42.0, 37.4 and 
19.0% for YW treatment, respectively. This suggests 

that larger macro- and microaggregates tended to 
break down into smaller silt- and clay-size frac-
tions under warming. The reason is partly related 
to warming-induced decline in the aboveground 
biomass (Figure 1). The aboveground sections 
of plants can decrease the energy of raindrops 
and runoff (Hudek et al. 2017) and consequently 
protect soil aggregates from disruption. Among 
different size fractions of water-stable aggregates, 
OC, TN and TP contents generally increased with 
increasing aggregate sizes (Figure 2), indicating 
that larger water-stable aggregates constituted 
the predominant nutrient pools of C, N and P. 
According to the hierarchical theory, microaggre-
gates and silt + clay fractions are bound together 
into macroaggregates by organic binding agents 
(Tisdall and Oades 1982, Six et al. 2004). Thus, 
the aggregate hierarchy is essentially an increase 
of OC, TN and TP contents with increasing size 
class. On the other hand, the highest C:N and 
C:P ratios were observed in silt + clay fractions 
(Figure 3), which was consistent with some previous 
studies showing that C:N and C:P ratios generally 
increased with decreasing aggregate sizes (Yang 
et al. 2007, Fang et al. 2015). This implied that the 
accumulation rates of C, N and P differed among 
different aggregate sizes, with C sequestration 
more than N and P in silt- and clay-sized fractions.

Although warming had a negligible impact on 
nutrient contents in bulk soil, it affected nutri-
ent distributions within different aggregate size 
fractions (Figure 2). Compared with CK, warming 
decreased macroaggregates-associated OC, TN and 
TP contents by 12.8% (P < 0.05), 7.09% (P > 0.05) 
and 8.12% (P > 0.05), and microaggregates-asso-
ciated OC, TN and TP contents by 22.4, 19.7 and 
11.3% (all P < 0.05), respectively. However, the 
contents of OC, TN and TP associated with silt + 
clay fractions significantly (P < 0.05) increased 
by 46.8, 81.9 and 91.0%, respectively. One of the 
reasons could be warming-induced soil structure 
degradation. As indicated above, experimental 
warming decreased the proportions of macro- and 
microaggregates whereas it significantly increased 
the proportion of silt- and clay-size fractions. As 
a consequence, nutrients were partly transferred 
into silt- and clay-size fractions due to the disrup-
tion of larger aggregates, which in turn increased 
nutrient contents associated with silt- and clay-
size fractions. Physical protection in macro- and 
microaggregates and chemical protection in silt- 

Figure 3. Ratios of carbon to nitrogen (C:N) and carbon 
to phosphorus (C:P) in bulk soil and soil aggregate size 
fractions. Vertical bars represent standard deviation of the 
mean (n = 5). Different lowercase letters indicate significant 
differences between treatments (P < 0.05). CK – unwarmed 
control; YW – year-round warming
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and clay-size fractions were considered two main 
mechanisms that preserve soil nutrients (O’Brien 
and Jastrow 2013). Generally, soil nutrients associ-
ated with silt- and clay-size fractions were more 
stable than those associated with macro- and mi-
croaggregates (Six et al. 2004, Verchot et al. 2011). 
Therefore, our results suggested that nutrients were 
mainly preserved in soil under warming by chemical 
mechanism, which could offset the loss of nutri-
ents protected physically via larger aggregates. The 
counterbalance resulted in negligible net changes of 
nutrient contents in bulk soil. In addition, the present 
result also suggested that soil nutrients losses in 
microaggregates were more temperature-sensitive 
than those in macroaggregates.

Compared with CK, the C:N and C:P ratios all 
decreased in both macro- and microaggregates and 
silt + clay fractions under warming, with significant 
differences for C:P ratio in microaggregates and 
C:N and C:P ratios in silt + clay fractions (Figure 3). 
This revealed that warming resulted in different 
accumulation or mineralization rates of C, N and 
P in size fractions of water-stable aggregates. In 
both macro- and microaggregates and silt + clay 
fractions, OC accumulated relatively more slowly 
or mineralization proceeded relatively more rapidly 
than did TN and TP, resulting in a decline of C:N 
and C:P ratios under warming.

In conclusion, warming caused that C, N and P were 
protected chemically in silt- and clay-size fractions, 
which offset the loss of C, N and P protected physically 
by macro- and microaggregates. Both physically and 
chemically protected C decomposition proceeded 
relatively more rapidly or accumulated relatively 
more slowly than did N and P. The distribution of 
C, N and P within soil aggregate size fractions may 
regulate their net changes in bulk soil under future 
climate change scenarios to a long term. However, 
a long-term and multisite study is needed to verify 
the present conclusions.
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