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Abstract

Elucidating the factors that determine the effects of temporal and spatial vari-
ation of nutrients is important for analyzing the characteristics of an ecosys-
tem. The goal of this paper was to estimate how values obtained using a par-
ticular sampling approach correlated with the actual data for an entire plot.
The mesh partition method was employed to divide an integrated observing
field (IOF) located at the Haibei National Field Research Station of an alpine
grassland ecosystem, China, into 25 subplots. Five of the 25 subplots were
randomly selected for soil sampling and to determine the source of variations
in soil nutrient content from 2001 to 2012. The results showed that, contribu-
tions of temporal and spatial variation in available nitrogen in the 0 - 10 cm
soil layer accounted for 47.3% and 52.7%, respectively. The contribution of
spatial variance was higher than that of temporal variance especially in the
surface soil layers. The available soil nitrogen content in the alpine meadow
was not obviously affected by fluctuations in rainfall and temperature. In-
creasing the number of samples could reduce calculation errors in measuring
available soil nitrogen content, while collecting a reasonable number of sam-
ples can save time and labor.
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1. Introduction

Soil nutrients are the dominant factor related to the productivity of natural eco-
systems, affecting the dynamics of species and community composition, as well
as the competition between individual species and within the plant community
for limited soil nutrients (Ren et al., 2013). Soil nutrient status often restricts the
process of plant community succession and ecosystem responses to environ-
mental change (Jing et al., 2014; Tian et al., 2019). For most grassland ecosys-
tems, nitrogen is one of the important factors limiting grassland productivity
(Wei et al., 2013; Urakawa et al., 2016; Richard et al., 2019). Grasslands are
known to be sensitive to soil nitrogen enrichment (Bai et al., 2008; Yang et al.,
2011). Competition for soil nitrogen is considered as an important factor in de-
termining the plant community secondary succession, especially in Qing-Tibetan
Plateau (Niu et al., 2006; Dai et al., 2009; Lin et al., 2013).

Although an abundant supply of atmospheric nitrogen and the soil organic
nitrogen is available, to the vast majority of plants in an ecosystem is limited by
the plant’s ability to absorb different forms of nitrogen (Liu et al., 2016). Availa-
ble nitrogen mainly refers to the sum of nitrate nitrogen and ammonium nitro-
gen in an ecosystem, the forms of nitrogen that plants can readily adsorb. Avail-
able nitrogen content has a certain temporal and spatial heterogeneity (Wang et
al., 2014). Spatial factors that cause variations in available soil nitrogen include
precipitation, temperature, topography, rock mineralogical characteristics, soil
texture, soil structure, soil fauna, microbial functional groups, plant community
characteristics, types of litter, and root uptake and turnover (Tilman, 1987;
Goovaerts, 1999; Rajaniemi, 2003; Du, 2009; Dupre et al., 2010; Kazuki et al.,
2019). Meanwhile, temporal factors that cause variations in available soil nitro-
gen include animal grazing and trampling intensities, deposition of excreta, fires
and other external factors and ecosystem management measures (Dalva &
Moore, 1991; van Wijnen et al., 1999; Gao et al., 2004; Flessa et al., 2000;
Uselman et al., 2000). The effect of spatial heterogeneity, in essence, involves
hydrothermal redistribution, and hydrothermal heterogeneity causes the hete-
rogeneity in community development and composition and in soil nutrients
(Lozano et al., 2014). The effects of temporal heterogeneity in non-cultivated
grassland, in essence, include climate and disturbance, such as different stock-
ing levels or animal grazing. In addition, the grazing of livestock affects grass-
land through the ingestion of plants and plant trampling. Long-term grazing
exclusion significantly affected the heterogeneity, dominant species and com-
munity composition of alpine grasslands (Jing et al., 2014). This change is un-
predictable. Grazing could increase the spatial heterogeneity of soil nutrients
through the deposition of manure. However, grazing could also reduce the ef-
fects of spatial heterogeneity by the ingestion of plants by animals (Lozano et
al., 2014).

Elucidating the factors that determine the effects of temporal and spatial vari-
ation in available soil nitrogen presents a major challenge during an analysis of
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ecosystem characteristics. Determining such variations arising from a temporal
or spatial scale is essential. Geostatistics as well as statistical theories and
methods are often used to analyze the spatial variability of soil nutrients. How-
ever, using geostatistics requires an adequate number of samples and an appro-
priate sampling scale (Zhu et al., 1997), so it is not suitable for the analysis tem-
poral and spatial heterogeneity at any one point in time and scale. Multivariate
analysis (MVA), one of the approaches of the study of random-effects of nested
statistical analysis, is widely used to assess the source of variation in an experi-
ment (Montgomery, 1997). MVA is used to assessing the variation in experi-
mental data based on a linear statistical hypothesis. The hypothesis of MVA is
that variation effects in statistical data are independent of each other, and all the
statistical data have no interactive effects between each other (Douglas, 2004;
Peng, 2010). This approach might explain the variation in parameters in experi-
ments in order to identify ways to deal with the sources of variation, and eluci-
date methods that can be used to rectify spatial or temporal variation.

Alpine grasslands serve as one of the most important grassland types on earth,
and are distributed across the tundra zone of northern Eurasia and North
America. The Tibetan Plateau of China includes more than 48% of the earth’s
alpine grasslands (Wang et al.,, 2008). Alpine grasslands represent one of the
major natural types of pastures for pastoralists living in alpine regions, especially
for those living on the Tibetan Plateau, where livestock grazing is the most im-
portant human activity (Zhang et al., 2004). Nitrogen, especially available nitro-
gen, has been the limiting factor in plant productivity in alpine meadows (Chen,
1982; Dai et al., 2009).

In this study, we used 12 years of available soil nitrogen data from the Haibei
National Field Research Station and the alpine grassland ecosystem in Qinghai,
China. Our aim is to determine the extent of the contribution of temporal and

spatial factors to variations in soil nutrients, using multivariate analysis (MVA).

2. Materials and Methods

2.1. Sampling Design, Field Investigation, and Laboratory
Analyses

The study area is located in the Haibei National Field Research Station of Alpine
Grassland Ecosystem of the Qinghai-Tibetan Plateau (37°29'N, 101°12'E, 3200
m), Chinese Academy of Sciences, Qinghai, China (HGB). The average annual
precipitation and temperature were 582.1 mm and —1.7°C, respectively. The
warmest and coldest months, were July and January, respectively. The dominant
plants in the community were Stipa spp., Festuca spp., and Kobresia humilis in
the integrated observing field (IOF) of this research station, an area with a high
degree of plant community evenness. The growing season was from May to Sep-
tember, while plant community biomass peaked in August.

Grazing intensity in the study area was 2.01 sheep unit per hectare. The IOF
had no fertilizer applied in the study area. Livestock grazed in the IOF from No-
vember to the end to May of the next year from 2001 to 2007, but only from
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November to the end of March of next year from 2008 to 2012. We divided the
IOF (100 m x 100 m) into 25 subplots (20 m x 20 m) and sampled soils using
five earth-auger borings (® = 6 cm) within each subplot. Three sets of soil layers
were sampled: samples from depths of 0 - 10 cm, 10 - 20 cm and a combined
sample of 0 - 20 cm, at the end of August in every year during 2001 to 2012. In
each year, we randomly selected 5 - 25 subplots in the diagonal in the IOF to
analyze the spatial variance in soil conditions. In addition, in 25 selected sub-
plots, the 0 - 20 cm soil layers were used to analyze what would happen when
increasing the sampling number from 5 to 25. Available soil nitrogen content
was considered as nitrogen in the form of total ammonium-nitrogen and ni-
trate-nitrogen. The data for ammonium- and nitrate-nitrogen content were ob-
tained using a flow analyzer (Skala, Holland) by using 2-mm grain size fresh soil.

The data of total nitrogen and soil organic matter content from the 0 - 10 cm
and 10 - 20 cm soil samples were obtained using elemental analyser (PE24001I,
America) by using 0.25-mm grain size air-dried soil.

The data of the accumulated rainfall and temperature data were obtained from
the Haibei National Field Research Station of Alpine Grassland Ecosystem
weather station (37°29'N, 101°12'E, 3200 m) from 2001 to 2012.

2.2. Statistical Analysis

All statistical analyses were completed and all graphs were produced using the
SPSS19.0 software package for Windows and Excel 2003.

MV A was based on a linear statistical model as seen in Equation (1):

Xi,-:“+7,-+,3(,),-, (1)

where u is the average without considering the variations in temporal and spatial
factors, ¢ represents the effects of temporal variation in different years, and £,
represents the spatial variation in different subplots. The spatial and temporal

variances were determined as Equation (2):
2 2 2
O.Tora/ = O-T + O-ﬂ > (2)

where o7,,, is the total temporal and spatial variance, and o, is temporal varia-

tion, and ogis the spatial variation.

a b b

_ 22y 2y

Let X =217 and X, =42
ab ' b

The total sum of squared deviations is provided in Equation (3):

a b —\2 a _ —\2 a b N2
SSTOIQ,:ZZ(XU—X) :be(xi.—X) +ZZ(xij—xi') (3)
i=1 j=I i=1 i=1 j=I
Then, Equation (4) shows:
MS = \[SS/n, @

where SS denotes the sum of squared deviations, MS is the standard error, and n

is the degrees of freedom. Therefore, the variation in variance estimation was
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determined as described by Dean and Voss (1999) and Peng (2010) as Equations

(5) and (6):
MS. —MS
O_TZ — Time Between , (5)
b
O-; = MSBerween (6)

The variations of the available soil nitrogen content between soil layers and
sampling subplots and years were estimated using one-way analysis of variance.

The data range is shown in Equation (7):

dr = xmaxi - xmin 4 (7)

where drrepresents the data range, x,,,,; represents the largest soil nitrogen content
in the group, and x,;, represents the smallest soil nitrogen content in the group.

Arithmetic mean deviation was calculated using Equation (8):

amd =x,—X, (8)

where amd represents the arithmetic mean deviation, X represents arithmetic

mean, and x; represents the observed soil nitrogen content.

3. Results
3.1. Temporal Heterogeneity in the IOF

Available soil nitrogen content fluctuated inter-annually in the 0 - 10 cm soil
layer with the mean nitrogen content of 21.8 + 1.4 mg-kg™' (coefficient of varia-
tion, 6.4%) during the 12 years of the study period (Figure 1). In the first 7
years, the available soil nitrogen fluctuated remarkably in the IOF with a mean
content of 22.2 + 6.2 mg-kg™" (coefficient of variation, 27.4%). However, from
2008 to 2012, grazing livestock was prohibited in the growing seasons in the IOF,

and the available soil nitrogen content fluctuated more consistently and steadily,
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Figure 1. The soil available nitrogen contents during 2001 to 2012 in different soil layers.
Note: the capital letters are on behalf of significant coefficient between different years, the
lowercase letters are on behalf of the significant coefficient between different soil layers.
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with a mean content of 21.3 *+ 2.8 mg-kg™" (coefficient of variation, 13.0%; Fig-
ure 1); this value was considerably lower than that in the first 7 years.

Available soil nitrogen content in the 10 - 20 cm soil layer also fluctuated in-
ter-annually, but the values were lower than that in the 0 - 10 cm soil layer
(Figure 1). The mean nitrogen content was 15.2 + 3.9 mgkg™ (coefficient of
variation, 25.3%) during the 12 years of the study period. In the first 7 years, the
available soil nitrogen content fluctuated remarkably in the IOF, in that the
mean available soil nitrogen was 16.2 + 4.7 mgkg™ (coefficient of variation,
28.9%). However, from 2008 to 2012, the mean available soil nitrogen was 13.9
2.1 mg-kg™" (coefficient of variation, 15.1%; Figure 1).

In the first 7 years, the available soil nitrogen content was not significantly
different between the 0 - 10 cm and 10 - 20 cm soil layers with the exception of
2004. Meanwhile, the available soil nitrogen content was significantly higher in 0 -
10 cm than in 10 - 20 cm soil layer during 2008 to 2012. The available soil nitro-
gen content did not vary significantly during 2001 to 2007 (a = 0.05). However,
from 2008 to 2012 the available nitrogen varied significantly between the 0 - 10

cm and 10 - 20 cm soil layers (Figure 1).

3.2. Spatial Heterogeneity in the IOF

Increasing the number of samples decreased the coefficient of variation in the
available nitrogen content in the 0 - 20 cm soil layer in the IOF with a coefficient
of variation of 13.0%. However, if the sample number was increased to 25 in the
five samples from those same subplots, the coefficient of variation decreased by
140.7%, while variation of the mean was decreased by 3.5% compared to the
5-plot sampling in 2001 (Table 1).

Table 1. The variability in 0 - 20 cm soil partitioning in the integrated observing field.

Year N Mean Standard error Coefficient of variation
2001 25 20.0 2.2 5.4%
2001 5 20.7 2.7 13.0%
2002 5 12.0 2.1 17.6%
2003 5 22.5 1.5 6.5%
2004 5 18.0 0.9 4.8%
2005 5 17.5 2.3 13.2%
2006 5 28.9 4.0 13.8%
2007 5 152 1.7 11.2%
2008 5 17.2 0.5 3.2%
2009 5 14.5 0.7 4.8%
2010 5 17.1 1.0 6.1%
2011 5 17.1 1.1 6.6%
2012 5 19.7 1.1 5.7%
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The mean nitrogen content was 18.4 + 4.3 mg-kg™" (coefficient of variation,
23.5%) during the entire 12 years of the study period (Figure 2), and the range
of available nitrogen content during 2001 to 2012 was 16.9 mg-kg™'. To deter-
mine the distribution of the data, we divided the data into five groups, because
when the number of samples is lower than 50, the number of groups should be
no more than five (Ma, 1982). The arithmetic mean deviation was 3.0 mg-kg™" in
the 0 - 20 cm soil layer during those years, and the range of available nitrogen
divided by the arithmetic mean deviation was about 4.0 mg-kg™', which was used
for the class interval (Figure 2). The frequency distribution of available soil ni-
trogen contents was normal with 50% of the data distributed in the median area

with the probability of data in the first and last groups being less than 17%.

3.3. Contribution of Temporal and Spatial Variance in the
Available Nitrogen Content in the Soil

We divided the IOF into 25 units, and selected five of them, using MVA to sep-
arate the variation of spatial and temporal factors from the total variance in
the 0 - 10 cm soil layer from 2001 to 2012. The results showed that temporal and
spatial factors accounted for 47.3% and 52.7%, respectively, of the total variation
of available soil nitrogen in the 0 - 10 cm soil layer. The contribution of spatial
variance was higher than that of temporal variance (Table 2).

However, for the 10 - 20 cm soil layer of the five subplots in the IOF, 78.2% of
the variance was caused by the temporal components, while 21.8% was caused
by spatial factors. The contribution of temporal variance was higher than that of

spatial variance (Table 2).

3.4. The Relationship between Available Soil Nitrogen and
Environmental Factors

In all, four environmental factors were selected, i.e., soil total nitrogen, soil or-

ganic matter, accumulated temperature (in the growing season), and rainfall (in

Frequency

0—13.0 13.1—16.0 16.1—20.0 20.1—24.0  more than 24.1

Available nitrogen content (mg-kg™)

Figure 2. The distribution characteristics of available nitrogen content in the
plot.
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Table 2. Contributions of temporal and spatial variation in available nitrogen in the 0 -
10 cm and 10 - 20 cm soil layers.

Degree of Variance

Source MS  F-value R Contribution%
freedom estimate value
Total 59 149.1
Temporal
11 126.1 5.5 20.6 47.3
0-10cm (Between group)
Spatial
oF 48 23.0 23.0 52.7
(Within group)
Total 59 328.8
Temporal
10 - 20 cm 11 312.3 18.9 59.2 78.2
(Between group)
Spatial (Within group) 48 16.5 16.5 21.8

Note: MS, standard error.

the growing season), that might have some effects on the variability of available
soil nitrogen in the 0 - 10 cm soil layer. Of the four factors, only soil organic
matter had a significant linear correlation with available soil nitrogen (a = 0.05;
Table 3).

The correlations between these four environmental factors with the nitrogen
content in the 10 - 20 cm soil layer were also been investigated. None of the fac-
tors had a significant linear correlation with available soil nitrogen content (a =
0.05; Table 3).

4. Discussion

4.1. The Causes of Variability in Available Soil Nutrients

Both temporal and spatial factors can affect the availability of soil nutrients in
the meadow. The available soil nutrients content in grassland showed higher
spatial heterogeneity than in cultivated fields because of various climatic, physi-
cal, chemical, biological, soil matrix, topography, and other soil-forming factors
(Dai et al., 2009, Gao et al., 2004, Jing et al., 2014, Liu et al., 2016). Furthermore,
grassland management coupled with modern human activities has been chang-
ing the spatial heterogeneity of soil nutrients. Therefore, estimating only the
temporal heterogeneity of soil nutrients is becoming increasingly difficult, and
the effects of both spatial and temporal factors on available soil nitrogen content
need to be distinguished.

The degree of spatial variability of nutrient content in non-cultivated soil
mostly depends on the nutrient source and the mobility of the soil and this
causes soil nutrients to have a strong spatial autocorrelation (Li et al., 2012). Soil
organic matter, a nutrient material, is considered as the major source of soil ni-
trogen. Soil organic matter can serve as a soil nitrogen index because soil nitro-
gen accumulates as the soil formed and the soil nutrients stored. Therefore, in

our study, the level of nutrients stored in the soil had some positive effects on
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Table 3. The relationship between accumulated temperature, rainfall, soil organic matter,
and total nitrogen in the 0 - 10 cm and 10 - 20 cm soil layers.

Soil organic ~ Accumulated =~ Accumulated

Nitrogen
& matter temperature rainfall
Pearson correlation 0.236 0.313* 0.227 0.032
0-10 coefficients ’ ’ ’ ’
cm
Test of significance (a) 0.07 0.015 0.479 0.922
Pearson correlation 0.123 0.041 0.051 0.123
10-20 coefficients ’ ’ ’ ’
cm
Test of significance 0.35 0.758 0.874 0.704

*Denotes a significant difference between the two analysis factors.

avaijlable nitrogen.

The soil matrix is considered to have low spatial heterogeneity in a fixed
small-scale environment. However, available nitrogen is fluid and as a result had
little significant correlation with rainfall and accumulated temperature during
the 12 years of the present study. Therefore, we assumed that available nitrogen
content was not changed by environmental factors such as rainfall, accumulated
temperature and the matrix of the soil. During the sampling process, we col-
lected all samples using the same degree of slope as well as the same slope and
slope position in order to avoid the micro-environmental influences. Therefore,
the spatial and temporal heterogeneity observed in the present study did not
come from the effects of terrain.

Thus, the available soil nitrogen content is very stable in the natural meadow
in this region.

Abiotic factors play important roles in community distribution in the land-
scape, but species interactions are more important within communities (Maria,
2004). For example, engineer species affect plant community and environmental
interactions and become “ecosystem engineer species” (Jones et al., 1994, 1997).
These species are able to create, maintain, or eliminate the habitat of other spe-
cies by modulating environmental factors. Various plant and animal species
have been shown to affect community attributes through their engineering ac-
tivities (Flecker, 1996; Crooks & Khim, 1999; Wright et al., 2002; Perelman et al.,
2003; Castilla et al., 2004; Fritz et al., 2004; Zhang et al., 2004). Ecosystem engi-
neer species create habitat patches where environmental conditions and resource
availability differ substantially from the surrounding unmodified environment
(Jones et al., 1994, 1997). Alpine meadows have high species richness. When the
stocking of animal grazing was prohibited in the growing season, several
non-dominant species that were always suppressed by stocking grazing or tram-
pling increased in abundance and played the roles of ecosystem engineer species
in our research plot. These species could interact with their surrounding envi-
ronment, changing the biological environment (Fritz et al., 2004) and available
soil nutrients (Castilla et al., 2004). This may be the reason that there was higher

spatial heterogeneity than temporal heterogeneity in the available soil nitrogen
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at our sampling site. It is also not clear why a contrasting finding was obtained
in the 10 - 20 cm soil layer. Further studies will be warranted to address this is-

sue.

4.2. Reason for Selecting the Number of Samples Based on
Temporal and Spatial Variability in a Plot

The IOF had 25 subplots with 5 - 6 samples mixed to obtain a single sample in
each subplot. This led to a coefficient of variation of 5.4% based on this kind of
sampling method in the IOF. While the samples were obtained from five sub-
plots based on the sampling method described above to determine the available
soil nitrogen content in the entire IOF, the coefficient of variation was 13.0% in
2001. Therefore, increasing the number of samples could decrease the coefficient
of variation for the statistical data.

If we used the mean based on 25 subplots to estimate available soil nitrogen
content in the entire IOF, that mean was 20.0 mg-kg™', which was in the range of
13 - 24 mg-kg™". If we used this range as the actual data of the IOF, and we used
the mean derived from five subplots to estimate the available soil nitrogen con-
tent in the entire IOF, only 17% of the time (2 years out of 12 years) the mean
value of available nitrogen of the entire experimental area was outside this range.
It may have been random chance that created the values that were not precisely
in the range of 13.0 mg-kg™' to 24.0 mg-kg™'. This means that increasing the
amount of data available can improve the accuracy of the data. However, if we
use five samples in this field, we only bear less than 17% risk of encountering the
extreme value. Therefore, we believe it is reasonable to select five samples in a

plot with uniform soil texture covering an area of less than 100 m x 100 m.

5. Conclusion

The soil nutrient content is known to be affected by complex interactions of spa-
tial and temporal factors in the field, and the stored soil nutrients had an effect
more or less on available nitrogen.

Over a relatively short time period (for example, 12 years), the spatial variabil-
ity of soil nutrients was found to play a more important role than the temporal
variability of available soil nutrients.

Therefore, we assumed that available soil nitrogen in the alpine meadow
would remain relatively constant, and a certain amount of variation in rainfall
and accumulated temperature would not affect the soil nitrogen content during
the 12 years.

If the number of samples taken in the field was increased, the mean soil ni-
trogen content of those would be approximately the same as the actual value.
However, if fewer samples are used, the data might yield erroneous results. If we
use only five samples in a 100 m x 100 m plot, we create a less than 17% risk of
encountering an extreme value, so we believe it is reasonable to select five sam-

ples in a cultivated soil texture plot with an area of less than 100 m x 100 m.
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