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Abstract
Background and aims: Previous studies showed that moss stoichiometric characteristics were in�uenced
by moss patch size and shrubs in desert. Study of moss stoichiometry in different spatial scales is
crucial for understanding of growth and adaptation strategy of the mosses in temperate desert.

Methods: In this study, the dominant moss (Syntrichia caninervis Mitt.) of biological soil crusts, and soil
under the moss patches in the Gurbantunggut Desert were selected to determine their stoichiometry in
different dunes and sites. Carbon (C), nitrogen (N), phosphorus (P) and potassium (K) contents of the
moss and soil, and soil available nutrients were measured.

Results: Moss stoichiometry and soil available nutrients were signi�cantly in�uenced by changes in
spatial distance scales except for moss C. The scaling exponents of moss N, P and K elements between
above-ground and below-ground parts were 0.251, 0.389, 0.442, which were less than 1. The N vs. P
scaling exponents were 0.71, 0.84 in above-ground and below-ground parts of moss. Moss C, P and K
elements content in above-ground parts higher than that in below-ground parts. Moreover, moss N, P and
K elements were in�uenced by MAP, longitude and soil nutrients.

Conclusion: This study provided the C, N, P and K stoichiometric characteristics of desert moss and
explored their relationships with environmental variables, which can help understand nutrient
stoichiometry patterns and utilization strategy of N, P and K and their potential responses to global
climate changes in the desert ecosystem of central Asia.

Introduction
Mosses, as an important components of biological soil crusts, are common components of boreal, arctic,
temperate and dryland ecosystems worldwide (Belnap, 2006; Elbert et al., 2012; Lindo and Gonzalez,
2010). Mosses play key functional roles in the ecosystems where they are prevalent (Belnap, 2006;
Bowker et al., 2011; Maestre et al., 2012). In drylands, biocrusts mosses support a range of ecosystem
functions, including soil stability, carbon (C) and nitrogen (N) �xation, CO2 �ux, and N mineralization
(Bowker et al., 2011; Eldridge and Greene., 1994; Maestre et al., 2012; Su et al., 2012; Su et al., 2013; Wu et
al., 2015). Drylands are extremely important for achieving global sustainability, as they constitute 41% of
Earth’s land surface (Pravalie, 2016; Reynolds et al., 2007). Drylands are also estimated to expand by the
end of this century as a result of expected increases in aridity with climate change (Dai, 2013; Feng and
Fu, 2013; Huang et al., 2016). More and more researchers have focused on the functions of moss,
including C and N cycling (Bowker et al., 2013; Hu et al., 2014; Li et al., 2019a), surface energy balance
(Couradeau et al., 2016; Rodriguez-Caballero et al., 2015; Rutherford et al., 2017), erosion (Canton et al.,
2014; Chamizo et al., 2017; Zhao and Xu, 2013; Knapen et al., 2007) and water redistribution (Bowker et
al., 2013; Kidron et al., 2012; Kidron and Vonshak, 2012; Kidron and Tal, 2012; Kidron and Budel, 2014).
Biocrust microbial activity produces extracellular organic exudates that alter the immediate environment
by supporting a stable structure and altering the water retention and transport properties of the biocrusts
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(Rodriguez-Caballero et al., 2015). The resulting modi�cation of local hydrological processes, such as
in�ltration run-off and water storage (Chamizo et al., 2012, 2017). Ecological functions of moss are
important for ecosystem process. Growth characteristic of the mosses is essential for their successful
survival, which are related to the understanding of moss functions.

In drylands, several methods were used for determination of moss growth characteristic, including
molecular (Gao et al., 2015; Yang et al., 2015; Zhang et al., 2018), cytobiology (Oliver et al., 2000a; Oliver
et al., 2000b), morphology (Pan et al., 2016b; Tao and zhang, 2012) and physiology (Yin and Zhang,
2016; Yin et al., 2017; Zhang and Zhang, 2014). Moss studies focused on individual and small scale of
the mosses. However, mosses are patchily and wildly distributed in desert ecosystem (Bowker et al., 2014;
Bowker et al., 2013; Zhang et al., 2007). Ecological stoichiometry, which approaches ecological questions
by asking how the balance of elements required by organisms affects processes and interactions, is a
valid method to study moss growth characteristic in different spatial scales. However, the ecological
stoichiometry was rarely used in moss studies (Ball and Guevara, 2015; Ball and Virginia, 2014). Previous
studies have found that moss stoichiometry is easily in�uenced by environments (Ball and Guevara,
2015; Li et al., 2019a; Li et al., 2019b), and that moss growth showed consistent Potassium (K) or N-K co-
limitation in peatleads (Wang et al., 2016). Potassium is an important nutrient element which can
enhance plant N retention (Chiwa et al., 2019; Osaki, 1995) and in�uence the plant growth and
photosynthetic rate in vascular plant (Cuzzuol et al., 2013). Carbon, N and P are essential components of
all organisms and soil. Carbon (C) is the basis of plant growth, reproduction and structure, and constructs
about 50% of plant dry weight (Liu et al., 2011). Nitrogen (N) is the major component of all enzymes and
chlorophyll in plants which plays an important role in controlling carbon uptake and primary production
(Chen et al., 2016). Phosphorus (P) is a key element in plant ribosome production and responsible for the
construction of RNA, DNA and ATP, playing an important role in genetic information transmission, energy
storage and cell construction (Bai et al., 2012; Chen et al., 2013). Potassium as a signal substance can
improve nitrogen absorption and photosynthetic capacity of plants. Moreover, potassium can also
improve the resistance of plants in arid areas and buffer the effect of water de�ciency (Damon and
Rengel, 2007; Samar Raza et al., 2013). The content of plant nitrogen, phosphorus, potassium plays a key
role in plant growth, photosynthesis and environmental adaptability (Elser, 2000; Gusewell, 2004; Hedin,
2004; Samar Raza et al., 2013). Most ecosystem processes are constrained by nutrient cycling between
plants and soil, adaptation of plants and soil to environment, and plant ecological functions (Aerts and
Chapin, 2000; Bowker et al., 2013; Chapin, 1980; Moody et al., 2018). Plant stoichiometry characteristics
play an essential role for understanding plant growth characteristics and ecological functions in different
spatial scales.

The C:N:P stoichiometry in above- and below-ground components of ecosystems are tightly connected
and their interactions greatly affect ecosystem components, structure and functions (Zeng et al., 2016;
Zeng et al., 2017; Yang et al., 2018; Bai et al., 2019). Speci�cally, leaf and root nutrient stoichiometry
would in�uence plant growth and ecosystem processes and functions (Yang et al., 2018; Bai et al., 2019).
The C:N and C:P rate would indicate the N and P use e�ciency and plant growth rate (Elser et al., 2003;
Zhang et al., 2020). The N : P should change with growth rate, and show plant growing with N limited or P
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limited (Shi et al., 2021; Liu et al., 2021). The N:P ratio and the N vs. P scaling exponent both can indicate
nutrient allocation, the relative accumulation rate of N compared P, especially the latter, which intrinsically
re�ects the covariation between N and P, and indicates the life history of plants and the productivity and
nutrient cycle of ecosystem (Sardans and Penuelas, 2015; Tian et al., 2019; Guo et al., 2020; Zhao et al.,
2020; Zhang et al., 2018). There has a better link between potassium and terrestrial ecosystem functions,
and structural variables such as growth and nutrient cycling (Sardan and Penuelas, 2021). Plant nitrogen,
phosphorus and potassium content is affected by environmental factors, including mean annual
precipitation (MAP), mean annual temperature (MAT) and soil nutrient content (Liu et al., 2019; Han et al.
2005; Yuan et al., 2009;.Sardans and Penuelas, 2015). Plants and soil nutrients are in�uenced by each
other. For example, plants litter and root exudates would provide carbon of substrates for soil organisms,
while decomposer organisms in the soil supply nutrients to plants (Bardgett and Wardle, 2003; Lambers
et al., 2009; van der Heijden et al., 2008; Wardle and Zackrisson, 2005). These feedback processes take
place in the above-ground and below-ground parts of the ecosystem, which inlfuence ecosustem nutrient
cycling. In terrestrial ecosystems, primary producer are frequently limited by the soil nutrients, such as soil
available N and P (Elser et al., 2010; Gusewell, 2004; Harpole et al., 2011; Venterink, 2011), changes in
which can affect plant growth rate and homogeneity (Elser et al., 2007; Falkowski et al., 2000). Under
environmental stress, the simultaneous and reasonable distribution of nitrogen and phosphorus in plants
is conducive to the stability of metabolism and the maximization of growthSynchronous and reasonable
allocation of N, P and K in plants is conducive to maintaining stable metabolism, maximizing growth and
environmental resistance (Zhang et al., 2018; Zhao et al., 2020; Sardan and Penuelas, 2021). In addition,
with the coupling of C, N, and P stoichiometry between plant and soil more an important research focus
(Elser et al., 2010), K content of plant is the second most abundant nutrient after N, and highlights its
great involvement and unavoidable contribution to plant functioning (Sardan and Penuelas, 2015, 2021).
These studies focus on forests, shrubs and herbs which are vascular plants (Tränkner et al., 2018;
Srivastava et al., 2020; Sardans and Penuelsa, 2015, 2021; Zhao et al., 2020; Shi et al., 2021), however, it
is unclear that the relationship between stoichiometric characteristics and growth and environmental
adaptability of moss with nonvascular plants. .

It is unclear whether moss growth limited by N or P, especially in desert ecosystem where is N de�cient
and plant growth limted by N (Zhang et al., 2016b; Zhou et al., 2018; Zhou et al., 2014). In addition, The
results of previous studies suggest that mosses are poikilohydric, non-vascular plants, which mainly
absorb water, N and P from the air through above-ground parts (Ayres et al., 2006; Pan et al., 2016a; Tao
and zhang, 2012). Carbon, N and P of moss are different characteristics between the above- and below-
ground parts of the mosses (Li et al., 2019a). Moreover, recent studies found that the above-ground parts
are the major area of life activity, and accumulation of C, N and P in these parts bene�ts their functional
integrity (Lindo and Gonzalez, 2010; Pan et al., 2015; Rong et al., 2015; Zhang et al., 2017; Zhang et al.,
2016a; Li et al., 2019a). The principal function of the below-ground components of moss is to anchor the
plant to the ground, with few nutrients taking up from the soil (Lindo and Gonzalez, 2010; Li et al.,
2019a). There is little research on potassium content of bryophytes in desert ecosystem. Especially, K is
an essential nutrient involved in many important plant physiological processes, and enhance stress
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tolerance (Zhang et al., 2010; Zhao et al., 2014). The stoichiometric characteristic of mosses was a
signi�cant plasticity, and higher sensitivity than vascular plants in desert (Ball and Guevara, 2015; Zhang
et al., 2016). Thus, documenting C, N, P and K content of mosses and their stoichiometric characteristic
in�uenced by spatial distribution are important for the understanding of their environmental adaptability
mechanism and growth in different habitats of desert ecosystems.

Moss crusts are widely distributed in the Gurbantunggut Desert, Central Asia (Zhang et al., 2007). Moss
crust are continuous in the bottom of the sand dunes, while are not in the top. We found that the
stoichiometric characteristics of the moss are in�uenced by microhabitats and moss patch size, which
means that nutrient content of moss show obvious and signi�cant changes with the changes of spatial
scales. It is unclear that weather stoichiometry characteristics of the moss is remarkably different in
different spatial distance (< 1km, > 10km) scales. Our objectives in this study are to 1) explore the
stoichiometric characteristics of the mosses in different spatial distance scales; 2) determine the
relationships of stoichiometric characteristics between above and below-ground parts of moss, and their
relationships with environmental variables. Two following hypothesis were tested: (1) the stoichiometric
characteristics of the moss would vary signi�cantly with bottoms of three continuous typical sand dunes
(< 1 km scale) and spatial distance distribution scales (> 10 km scale), due to the nutrient content of
moss show obvious and signi�cant changes with the changes of spatial scales; (2) unlike vascular
plants, which absorb water and nutrients from below-ground parts, moss N, P and K contents in above-
ground parts of the mosses would not be in�uenced by soil nutrients, directly in�uenced by climate
factors in temperature deserts.

Materials And Methods
2.1 Site description

The study was conducted in the Gurbantunggut Desert (44°11'–46°20' N, 84°31'–90°00' E, 300–600 m
a.s.l.), which is located in the center of the Jungger Basin, Central Asia (Li et al., 2019a). It is the largest
�xed and semi-�xed desert, and the second largest desert in China, with the area of 4.88 × 104 km2. Moist
air currents from the Indian Ocean are blocked by the Himalayas and fail to reach this area, resulting in a
vast expanse of arid terrain. Annual precipitation ranges from 70 to 260 mm, most of which occurs from
April to July, while potential mean annual evaporation is estimated at 2606.6 mm. The mean annual
temperature is 7.26°C (Zhang et al., 2007). The moss S. caninervis is widely distributed in the
Gurbantunggut Desert. Plant in the surrounding of the mosses are dominantly Ephedra distachya,
Calligonum leucocladum, Seriphidium terraealbae, Artemisia arenaria, Erodium oxyrrhynchum, Carex
physodes. The samples were collected with two different spatial distance scales (< 1 km and > 10 km). In
scale > 10 km, moss and soil samples were obtained from 44 sites in the Gurbantunggut Desert in August
2017 (Fig. 1). The distance between each other is about 10 km. There was no signi�cantly different in
particle size of sample sites. The soil particle size < 1 mm accounted for 96 ± 2 % in per site. Moss
abundance and cover differed across the sites.
2.2 Sample collection and processing
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There have �ve plots of 10 m × 10 m in each site. The samples of moss and soil were selected randomly
in the plot. Five discrete moss patches were sampled at each site (n = 5 per site). Moss-dominated crusts
tend to be found in expose area as a sampling point where the distance was farther than 30 cm to
shrubs. Although moss frequently co-occurs with cyanobacteria in cryptobiotic crusts, we selected moss
patches occurring without a visible lichen or cyanobacterial component. In scale < 1 km, moss and soil
were sampled from continuous bottom of three typical sand dunes for studying of the moss and soil
characteristic in different sand dunes (n = 5×3 = 15). All of samples were collected from the �at
interdunes where edaphic properties were homogeneous.

At each sampling site, the moss crusts (about 2 cm thickness) were �rst carefully collected from the soil
and the moss shoot samples were stored in a plastic bag (Quintarabio, China; http://www.quintarabio.cn)
in cooling boxes. Next, a cutting ring (5 cm high, 5 cm diameter) was used to collect soil samples under
the moss patches from where the moss crusts had been collected (Li et al., 2019a,b). The samples of
moss crust were taken to the laboratory where the above- and below-ground parts of the moss were
separated and cleaned carefully with water. Specially, the moss samples were washed sequentially with
water on sieves of decreasing pore size (2, 1, and 0.5 mm) and sand was excluded (Li et al 2019a). The
parts of moss above-ground and below-ground were oven-dried at 65℃ for 48 hours. Soil samples were
air dried before analysis.

The C, N, and P contents of the above- and below-ground parts of S. caninervis were determined. We
determined the C content with a total organic carbon analyzer by using a solid dry combustion method
(Han et al. 2005). Total N (mg/g) was measured using an elemental analyzer (2400 II CHN Elemental
Analyzer; Perkin-Elmer, USA). Total P (mg/g) was determined by molybdenum–antimony anti-
spectrophotometric method (Han et al., 2005). Total K content was measured with an atomic absorption
spectrophotometer (Perkin Elmer model 2380, Perkin Elmer Inc., USA).

Soil nutrient levels, namely organic C (OC) total N (TN), total P (TP), total K (TK), NO3 + NO2-N (NO3-N),
NH4-N, available P (AP) and available K (AK) were determined. Soil OC contents were determined by the
dichromate oxidation method. Soil TN and TP contents were measured using the Kjeldahl procedure after
digestion with concentrated H2SO4 on a distillation unit, and the HClO4–H2SO4 ammonium molybdate–
ascorbic acid method, respectively. Total K were measured by inductively-coupled plasma spectrometry
(Perkin Elmer Optima 3000-DV ICP, Perkin Elmer Inc., Shelton, Connecticut, USA). For extractable inorganic
N (NO3 + NO2–N and NH4–N), 20 g soil was extracted in 50 ml 2 M KCl, �ltered, and then frozen until run
on a Lachat autoanalyzer (Barrett et al., 2007). Molybdenum–antimony colorimetric method was used to
analyze the AP content (Bao, 2000). For the AK, 5 g soil was extracted in 50 ml 1mol/LNH4Ac, �ltered, and
then frozen until run on an atomic absorption spectrophotometer (Perkin Elmer model 2380, Perkin Elmer
Inc., USA).

The mean annual precipitation (MAP) and mean annual temperature (MAT) were collected in website:
http://www.resdc.cn.
2.3 Statistics
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The scaling relationship of multiple nutrients among the plant organs is described by the following
equations:

or 

where X and Y are the elemental concentrations of moss. The reduced major axis (RMA) was applied to
estimate the parameters of a and b in the scaling function.When a = 1, the relationship of X to Y is
probably isometric; otherwise, the scaling relationship is considered allometric. When a > 1, it is assumed
that Y changes faster than linearly with X, whereas a < 1 indicates that X changes faster than linearly with
respect to Y.

Moss C, N, P and K contents and soil nutrients in different scales of sand dunes and in different sample
sites were analyzed using one-way analysis of variance (ANOVA). T-test was conducted on the
comparison of moss C, N, P and K contents, moss C:N, C:P, C:K, N:P, N:K, and P:K between above- and
below-ground parts. Pearson correlation analysis was used to analyze the correlations between moss
stoichiometry in aboveground and belowground, and between moss stoichiometry and soil nutrients. All
statistical analyses were performed using R 3.5.0 software (R Development Core Team 2017).

Structural equation modeling (SEM) was developed between the stoichiometric characteristics. The
following variables were included in models: the C, N, P and K content in above-ground parts of moss was
used in saturated model which tests the relationship of C, N, P and K elements; MAP, MAT, latitude,
longitude, N, P and K content in soil and above- and below-ground parts of moss were each split into
three groups. The model gives path parameters, which can explain the in�uence of different parameters
on moss nutrients. The advantage of this approach was that we could determine which parameters (for
example, sign or magnitude of path coe�cients) differed among groups, and obtained a separate
parameter estimate for each group. The model was considered to be a good �t if the data included an
insigni�cant (P > 0.05) chi-square test statistic, RMSEA < 0.05, P > 0.05, and both GFI and CFI > 0.90. The
SEM analyses were performed using R 3.5.0 software (R Development Core Team 2017).

Result

3.1 Moss stoichiometry and soil nutrients in different spatial
scale
N and P contents in both above-ground and below-ground parts of moss differed signi�cantly (P = 0.040,
P = 0.002) among different sand dunes. No signi�cant differences in moss C and K contents of above-
ground parts (P = 0.698, P = 0.357) were found among different sand dunes. However, for the below-
ground, moss K content varied signi�cantly (P = 0.037) among different sand dunes. Signi�cant
differences in C:N, N:K and P:K in above-ground and below-ground parts of moss were found among
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sand dunes. The ratios of N:P and C:K were not signi�cantly different (above-ground: P = 0.461, P = 0.481;
below-ground: P = 0.231, P = 0.052) different among continuous interdunes (Table 1). Moss stoichiometry
and stoichiometric ratios in aboveg-round parts were signi�cantly affected by different sampled sites,
except for moss C and P contents and moss C:N and C:P. In below-ground parts, moss P content and C:N
ratio did not differ signi�cantly among sampled sites (Table 1). Moss N and P contents in above-ground
parts of moss increased with annual mean precipitation increased (P = 0.02; Fig. 2a, 2b). Moss P content
in above-ground and below-ground parts of moss was also signi�cantly in�uenced by annual mean
temperature (Fig. 2c). Moss N content did not signi�cantly change with AMT.

Table 1
One way ANOVA of moss stoichiometry in different dunes and sampling sites. P values were main effects

from ANOVA.
Moss C N P K C:N C:P C:K N:P N:K P:K

Above-
ground

                   

Different
dunes

0.698 0.040 0.002 0.357 0.014 0.010 0.481 0.461 0.022 < 
0.001

Different
sites

0.825 0.004 0.630 < 
0.001

0.103 0.277 0.002 0.007 < 
0.001

0.001

Below-
ground

                   

Different
dunes

0.060 < 
0.001

< 
0.001

0.037 0.033 0.523 0.052 0.231 < 
0.001

< 
0.001

Different
sites

< 
0.001

< 
0.001

0.95 < 
0.001

0.144 0.001 < 
0.001

< 
0.001

< 
0.001

0.012

For the soils under moss crust, soil TK, NO3-N, NH4-N and AK contents differed signi�cantly (P = 0.019, P 
< 0.001, P = 0.009, P = 0.042) among sand dunes (Table 2). Signi�cant differences in soil TK, NO3-N, NH4-
N, AP and AK contents (P = 0.009, P < 0.001, P = 0.006, P < 0.001, P < 0.001) were also observed among
different sampled sites.

Table 2
One way ANOVA of soil nutrients in different dune and site. P values were main effects from

ANOVA.
Soil OC TN TP TK NO3

−-N NH4
+-N AP AK

Different dunes 0.631 0.584 0.135 0.019 < 0.001 0.009 0.194 0.042

Different sites 0.090 0.221 0.214 0.009 < 0.001 0.006 < 0.001 < 0.001

3.2 Relationships of moss stoichiometry characteristics
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Moss C, P and K contents in above-ground parts of moss were signi�cantly (P = 0.019, P < 0.001, P < 
0.001) higher than that in below-ground parts of moss (Table 3). No signi�cant (P = 0.877) differences
were found in moss N content in above-ground and below-ground parts of moss. The ratios of C:N and
P:K in above-ground parts of moss were signi�cantly (P < 0.001, P = 0.032) higher than that in below-
ground parts of moss. However, the ratios of C:P, N:P and N:K in below-ground parts of moss were
signi�cantly (P = 0.022, P < 0.001, P = 0.035) higher than those in above-ground parts of moss. Moss C:K
ratios between above-ground and below-ground parts were not obviously different (P = 0.929,Table 3).

Table 3
Result from the T-test of stoichiometry and stoichiometry ratios in above-ground and

below-ground of the mosses.

  Above-ground mean value Below-ground mean value t p

C 270.531 256.738 2.348 0.019

N 15.692 15.746 -0.1553 0.877

P 1.410 1.278 4.695 < 0.001

K 4.684 4.492 3.483 < 0.001

C:N 17.355 16.422 3.603 < 0.001

C:P 193.37 203.001 -2.293 0.022

C:K 58.364 58.514 -0.089 0.929

N:P 11.195 12.409 -5.359 < 0.001

N:K 3.375 3.582 -2.120 0.035

P:K 0.302 0.288 2.155 0.032

The SEM model explained 42%, 28% and 23% of variance in moss C, N and P contents in above-ground
parts, respectively (Fig. 3). Moss P content had the strongest direct effect on moss N content in above-
ground parts. Moss C content in above-ground parts was positively affected by moss N content in above-
ground parts (0.53, P < 0.001), while negatively affected by moss K content in above-ground parts (-0.39,
P < 0.01). Signi�cantly positive effect was found between moss K and P content in above-ground parts
(0.48, P < 0.01). Weak effects were observed between moss C and P content, and between moss N and K
content in above-ground parts.

The N vs. P scaling exponents were 0.71 and 0.84 in above-ground and below-ground of moss
respectively, which were less than 1. The likelihood ratio test indicated that the N vs. P scaling exponent
in below-ground of moss was signi�cantly greater than that in above-ground of moss (Fig. 4). The
scaling relationships between above-ground and below-ground of nitrogen, phosphorus and potassium
was 0.251, 0.389, 0.442 (R2 = 0.13, P < 0.01; R2 = 0.26, P < 0.01; R2 = 0.27, P < 0.01), respectively (Fig. 5).

3.3 Relationships of soil nutrients and moss stoichiometry
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Moss K contents in above and below-ground parts signi�cantly (P = 0.03, R2 = 0.13; P < 0.01, R2 = 0.16)
increased with soil AK content (Fig. 6a). Moss P contents in above and below-ground parts showed
signi�cant (P = 0.04, R2 = 0.14; P = 0.03, R2 = 0.14) and positive correlation with soil NO3-N content
(Fig. 6b).

The SEM model showed that the effects of climate, latitude, longitude and soil nutrients on moss N, P
and K assimilation differed between above- and below- ground parts of the mosses (Fig. 7–9). The �t of
the moss and soil N model was satisfactory (GFI = 0.971, CFI = 0.996, RMSEA = 0.023, Chi-square = 
11.760, P = 0.382). The model explained 20% and 23% of the variance in N content in above-ground and
below-ground parts, respectively (Fig. 7). The strongest direct effect of N content in above-ground parts
was affected by N content in below-ground parts of moss (0.31), which was signi�cantly affected by soil
nutrient content (0.19).

The �t of the P model was satisfactory (CFI = 0.970, GFI = 0.953, RMSEA = 0.040, Chi-square = 19.339, P = 
0.055). In the P model, SEM model explained 46% of the variation in P content in above-ground parts and
46% of the variation in P content in below-ground parts of moss (Fig. 8). The strongest direct effect was
found between P content in above-ground parts and below-ground parts (0.31). Soil nutrient content
strongly affected the P content in below-ground parts (0.59), and the P content in above-ground parts
(0.49). The soil nutrient content was signi�cantly in�uenced by MAT (0.71).

The �t of the K model was satisfactory (CFI = 0.979, GFI = 0.959, RMSEA = 0.034, Chi-square = 16.366, P = 
0.128). The model explained 48% of the variance in K content in above-ground parts of mosses and 33%
of the variance in K content in below-ground parts (Fig. 9). K content in below-ground parts signi�cantly
affected moss K content in above-ground parts (P < 0.001). The soil nutrient content had signi�cant and
positive effects on moss K content in below-ground parts (0.67, P < 0.01). Soil nutrient content was
signi�cantly in�uenced by MAT (0.74, P < 0.01). Latitude and longitude had signi�cantly affected moss K
content in above-ground parts (0.32, 0.33; P < 0.05)

Discussion

4.1 Different responses of mosses and soil characteristics
to variable in spatial scale
In the current study, no signi�cant differences in moss C content were found in different spatial scales,
except that moss C in below-ground parts. In addition, our previous studies found that moss C did not
shift with changes of moss patch size and microhabitats (Li et al., 2019a; Li et al., 2019b). Thus, our
previous and current results suggested that moss C was stable in different spatial scales from patch size
(cm) to sampling site (10Km). In contrast, moss N signi�cantly differs in different spatial scales, which
means that moss N was extremely sensitive to the environment in different spatial scales from patch size
(cm), microhabitats (m), continuous dunes (Km) to sampling site (10 Km). Moss P and K were also
spatial scale dependent in the current study. The changes in N, P and K were consistent with the
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conclusion that moss nutrients were plastic in different environment (Ball and Guevara, 2015). Because
the change of moss stoichiometry is different, our results were partially consistent with our �rst
hypothesis that moss stoichiometry varied with different spatial distance scales. The results of ANOVA
analysis showed that the stoichiometry of moss was signi�cant change with the changes of spatial
distance scales, MAP and MAT. Moss N and P contents signi�cantly increased with MAP, which might
due to the founding that moss can assimilate nutrients from dry and wet deposition of air (Ball and
Virginia, 2014; Iii et al., 1987; Zhang and Wang, 2010). Moss can assimilate partly N and P nutrients from
rainfall, snow and other sources. Wetness duration increased with MAP increased, which would bene�t to
the growth of moss. The growth of moss needs to accumulate large amounts of nitrogen and
phosphorus. In addition, the increase of wetting is rich in microbial activity and accelerate nutrient
turnover, which in turn promotes and accelerates biomass accumulation of moss in the Negev Desert
(Kidron et al., 2010; Kidron, 2014). Moss P content was also in�uenced by MAT, thus the changes in moss
P content can contribute to moss growth in different temperature conditions. Thus, the climate factors
(MAP, MAT) had a signi�cantly affected the stoichiometry of moss. It is also support to the conclusion
that mosses are very sensitive to environmental changes.

For soil under moss, soil OC was not in�uenced by moss in different spatial distance scales, which may
due to the small changes in moss C content. However, except for soil TK, soil TN and TP also did not
differ among spatial scales. Our results suggested that soil OC, TN, TP and TK under moss soil were
mainly in�uenced by moss patches in temperate desert (Li et al., 2019a). Pervious study founding that
soil nutrients without moss were signi�cantly in�uenced by different spatial distribution in the
Gurbantunggut Desert (Tao et al., 2016). Thus, the moss can be considered as a stabilizer in desert
surface, not only because they can �x sand (Weber et al., 2016), but also effectively provide stable soil
nutrients. It is suggests that moss had a ecological function of stablling the soil nutrients. However, soil
available nutrients varied signi�cantly from different spatial scales in the Gurbantunggut Desert. The
microbial processes, which are sensitive to environmental change in different sites, are related to the
change of available nutrients.

4.2 Differences in moss stoichiometry characteristic of
above- and below-ground parts
The statistical evidence showed moss stoichiometry in above-ground parts signi�cantly differed to
below-ground parts except for moss N content. The sacling exponents of moss N, P and K content
betwen above-ground and below-ground parts of moss were less than 1 (0.251, 0.389, 0.442). In addtion,
the sacling exponents of moss C:N, C:P, C:K, N:P, N:K, P:K rate were also less than 1 (Fig S3). The scaling
exponent of nutrient showed the nutrient disproportionately distributed among plant organs with the
different function type (Yan et al., 2016; Zhao et al., 2020). The nutrient contents of organs with similar
function tend to change proportionally (the scaling exponent was 1), whereas the nutrient contents of
organs with distinct function tend to change disproportionally (the scaling exponent was more or less
than 1). The more active function of organ, the less its nutrient content is likely to change (Zhao et al.,
2018). Our results were also consistent with the �nding that plant stoichiometry was disproportionately
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distributed in the above-ground and below-ground parts of plant (Zeng et al., 2017). These results
supported our hypothesis that moss stoichiometry in above-ground parts of moss were signi�cant higher
than that in below-ground parts. The N:P in below-ground parts of moss was signi�cantly higher than
that in above-ground parts. Metabolic organs had higher N:P ratio than structural organs, resulting from
high N concentrations in metabolic organs (Zhang et al. 2018). Thus, it does not agree with the previous
conclusion that moss have a vertical structure, which includes the above-ground "green" zone of alive,
growing, and photosynthetically active parts, and the below-ground "brown" zone of senescent, dead, and
decaying moss, rhizoids and other detritus (Lindo and Gonzalez, 2010). Moreover, the N vs. P scaling
exponent in above-ground parts of moss was less than that in below-ground parts. The N vs. P scaling
exponent under different nutrient availability can be reveal plant growth strategies.. The N vs. P
exponents were less than 1 for plant, which implied a larger P investment of whole plants rather than N
(Elser et al., 2010; Zhao et al., 2020). The N vs. K and P vs. K scaling exponent was signi�cant linear in
below-ground and above-ground parts of moss, respectively (Fig S1). There is a possible that the below-
ground parts of moss tended to be disproportionately assigned to more N and less P than the above-
ground parts. It is a possible reason to explained the higher N vs. P scaling exponent of below-ground
parts of moss than that of above-ground parts. Our result was consistent with global result that the
scaling exponent of roots was higher than that of green leaves (Yuan et al., 2011). Recent global
synthesis studies showed that the N vs. P scaling exponent of leaves and �ne roots were 0.68 (95% CI = 
0.67–0.69) and 0.82 (95% CI = 0.79–0.85), respectively (Tian et al., 2018; Wang et al., 2019), which also
support our results that a higher N vs. P scaling exponent in below-ground parts than that in above-
ground parts of moss. In vascular plants, �ne root with hight N concentration can represent protein
concentrations related to nutrient uptake (Collins et al., 2016). Leaves with hight P and K can reveal the
hight potential of constructting biological compounds related to energy and growth (Collins et al., 2016).
However, moss N content was insigni�cant difference between above-ground and below-ground parts,
and P and K content in above-ground higher than that in below-ground parts. These results suggested
that mosses need to invest more P and K to leaves for stable photosynthesis and improve environmental
resistance, and more N to Rhizoids for effective and low-cost nutrient absorption (Withington et al.,
Caplan et al., 2014). Thus, our results were also consistent the results that the growth strategy of moss
was driven by the above-ground parts of moss in a temperate desert (Li et al., 2019a), and that the basal
parts of moss plants are a functionnal group of �ne root, and include the stems and leaves buried by
sand and soil fungi and bacteria (Birse et al., 1957; Jia et al., 2008). Our results provide strong evidence
that the N vs. P scaling exponents varied among moss parts. Such a variation is a serious challenge for
ecological models, which merely consider the N vs. P scaling exponent as an input parameter to predict
plant growth and nutrient dynamics.

Except for C, signi�cant correlations between moss stoichiometry in above-ground and below-ground
parts were mostly observed. The results suggested that C assimilation differed from N, P and K
accumulation. Our results were also consistent with previous study that stoichiometry patterns in
different plant organs had different distribution (He et al., 2015). In the current study, moss C positively
correlated with moss N and P, but negatively correlated with moss K in above-ground parts. Similar results
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were found in McGroddy et al, (2004). In contrast, Zheng and Shangguan (2007) reported negative
correlations between leaf C and leaf N, and between leaf C and P among Chinese Loess plateau �ora.
Thus, relationships of plant C, N, P and K were different among the life-form groups and the different
ecosystems (Zhang et al., 2012; Zheng and Shangguan, 2007). The saturated model of SEM reported that
moss N positively contributed to moss C accumulation, while moss K had a negative effect. The results
indicated that there was a tradeoff in nutrient allocation between structural toughness and fast growth
and that moss C, N, P and K were coordinated element. The strong correlation between leaf N and P is
consistent with Gusewell, (2004), Mcgroddy et al, (2004), Wright et al, (2004; 2005a) and Han et al (2005).
In this present study, moss K showed a weaker relationship with moss N, and the scaling exponents of N
vs. K, P vs. K were no signi�cantly lined (Fig S1). These result was inconsistent with previous studies that
plant K enhance plant N retention (Chiwa et al., 2019; Osaki, 1995). However, moss K signi�cantly
negative and positive correlated with moss C and P, wihich indecate that the growth rate decreased and
the environmental resistance increased were with K content increase. Thus, moss C, N, P and K elements
need to be considered to be the core traits making up the moss growth and adaptation, and the C, N, P
elements play a key role in these ecological process. The K was not limited for moss growth. The value of
N:P was less than 14, and combining the ratio of C:N, C:P and linear relationships of C, N, P elements, we
suggested that moss growth was limited by N and P element.

4.3 Relationships between moss and soil stoichiometry in
temperature desert
Scaling relationships between soil and moss nitrogen, phosphorus, potassium concentrations were no
signi�cant linear correlation (Fig S2). Moss have high stoichiometric homeostasis in the changing
environment of soil nutrients. Previous studies found that vascular plant species with high homeostasis
tend to be slower growing but also capable of maintaining growth when resources are limiting, given the
potential for greater conservative use of resources, which was in line with our results (Zhao et al., 2021).
However, moss N, P, K and soil available nutrients are positively correlated in most cases (Fig S4). Our
results were support the conclusion that moss can assimilate and transport soil available nutrients by the
below-ground parts (Ayres et al., 2006; Ball and Virginia, 2014; Raven, 2003). Most studies showed that
moss can acquire nutrients directly from soil, stream, wet and dry atmosphere deposition (Ayres et al.,
2006; Ball and Virginia, 2014). In this study, the results suggested that moss nutrients in above-ground
parts mainly assimilate nutrients from below-ground parts of moss (Fig S5-7). Thus, soil nutrients and
moss nutrients in below-ground parts also play crucial role to moss nutrients in above-ground parts
uptake and individual growth.

Soil NH4-N and NO3-N signi�cantly affected moss N content, and soil NO3-N was signi�cantly correlated
with moss P. The results suggest that moss may use NH4-N as the main N source in N-limited desert. This
founding was similar to the conclusion with Takebayashi et al (2010). Ruan and Giordano (2017)
considered that about 13% more energy is need to produce the same amount of biomass, if the NO3-N
rather than NH4-N is used. Moreover, immobilization of NH4-N is reported to be faster than that of NO3-N,
while remineralization of immobilized N is slower in NH4-N than NO3-N -treated soil (Ahmed et al., 1973;
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Azam and Malik., 1985; Herrmann et al., 2005; Zhou et al., 2020). This also explained that soil NH4-N
signi�cantly in�uenced by soil TN. It is possible that soil NO3-N was transported to moss for the balance
between moss P and K, between matter and energy, because moss is a rich phosphorus plant (Hao et al.,
2005). Soil available nutrients signi�cantly changed moss N, P and K contents in below-ground parts,
which means that the rhizoid and stem in below-ground parts may not only have anchor function, but
also have nutrients absorption and transmission functions.

In our study, the MAP, MAT, latitude, and longitude were signi�cantly affected soil nutrients and moss N, P
and K elements in the Gurbantunggut Desert. MAP and longitude were signi�cantly affected N, P and K
elements in below-ground parts of moss, and soil nutrient was obviously in�uenced by MAT in three
models (SEM). These results indicated that MAP and longitude directly affected moss stoichiometry, and
the MAT indirectly affected moss N and P elements. Moss N and P elements were indirectly in�uenced by
latitude. These results were consistent with previous studies that the variation of plant nutrient
stoichiometry is in�uenced by many environmental factors (e.g. climate and soil properties). However,
they were different to the conclusion that N and P concentrations decreased and N:P ratio increased with
MAT and MAP (Reich and Oleksyn, 2004; Han et al., 2005 ). Hong et al. (2014) has reported that leaf P
was negatively correlated with MAT and MAP, and root P and N:P were negatively and positively
correlated with MAT, respectively. He et al. (2015) found that MAT, MAP and the aridity index (AI) in the
desert ecosystem had signi�cant effects on leaf P, but no effects on stems and roots. In addition to
climate factors, soil attributes are critical to plant growth and therefore affect plant nutrient stoichiometry.
Research has found that leaf N and P concentrations are positively correlated with soil nutrients (Han et
al., 2011, Luo et al., 2020). Our results suggessed that moss growth was directly in�uenced by MAP and
longitude, and indirectly in�uenced by MAT, and the weakest effect of latitude in our study area. Thus, our
results suggested that moss stoichiometry was in�uenced by climate factors and soil available nutrients.

Conclusion
The results of the present study show that moss growth limited by N and P element in temperature desert.
Moss stoichiometry and soil available nutrients depended on spatial scales except moss C and soil OC.
Moss nutrients in below-ground parts were mainly in�uenced by MAP, longitude and soil available
nutrients. Above-ground and below-ground parts of moss had different functions. The moss rhizoid had
some functions of vascular plant root, for example, anchor vegetal body, absorption and transmission of
soil nutrients. The present �ndings contributed to an improved understanding of plant growth that moss
have a strong capacity in environment adaptation by their roles in element balances.
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Figures

Figure 1

Locations where moss samples were identi�ed and collected in the Gurbantunggut Desert (a); Annual
mean precipitation was distributed in the Gurbantunggut Desert (b). The start indicates the continuous
bottom of three typical sand dunes. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 2

The changes in moss N and P contents with annual mean precipitation and annual mean temperature: a,
moss N content in different AMP; b, moss P content in different AMP; c, moss P content in different AMT.

Figure 3

Relationships of C, N, P and K elements of above-ground parts of moss. Boxes represent measured
variables. Standardized path coe�cients are displayed, with the width of each arrow equivalent to the
strength of the path. Solid lines represent the positive paths. Dashed lines indicate negative paths. The
total amount of variance (R2) explained for each endogenous variable (that is, those with arrows pointing
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to them) is given on the top right of the variable. Corresponding probability values are included when
P<0.20 (* P < 0.05, ** P < 0.01).

Figure 4

The N vs. P scaling exponents in above- and below-ground of moss.

Figure 5
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Scaling relationships between above-ground and below-ground of moss nitrogen (or phosphorus,
potassium) concentrations. (a) nitrogen element; (b) phosphorus element. (c) potassium element.

Figure 6

relationships between soil AK content and moss K contents (a), soil NO3-N content and moss P contents
(b).
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Figure 7

Final �tted structural equation models depicting relative effects of climate, geographical position, soil
nutrient and moss N content in above-ground and below-ground parts. Boxes represent measured
variables. Ellipse represent latent variable. Nabove-ground: nitrogen content in above-ground parts of
moss; Nbelow-ground: nitrogen content in below-ground parts of moss. Standardized path coe�cients
are displayed, with the width of each arrow equivalent to the strength of the path. Red lines represent the
positive paths (P<0.05). Blue lines indicate negative paths (P<0.05). The total amount of variance (R2)
explained for each endogenous variable (that is, those with arrows pointing to them) is given on the
below of the variable. Corresponding probability values are included when P<0.50 (* P< 0.05, ** P< 0.01).
The �t of the model was satisfactory (CFI=0.996, GFI=0.971, RMSEA=0.023, Chi-square=11.760,
P=0.382).

Figure 8

Final �tted structural equation models depicting relative effects of climate, geographical position, soil
nutrient and moss P content in above-ground and below-ground parts. Boxes represent measured
variables. Ellipse represent latent variable. Pabove-ground: phosphorus content in above-ground parts of
moss; Pbelow-ground: phosphorus content in below-ground parts of moss. Standardized path



Page 31/32

coe�cients are displayed, with the width of each arrow equivalent to the strength of the path. Red lines
represent the positive paths. Blue lines indicate negative paths. The total amount of variance (R2)
explained for each endogenous variable (that is, those with arrows pointing to them) is given on the top
right of the variable. Corresponding probability values are included when P<0.50 (* P< 0.05, ** P< 0.01).
The �t of the model was satisfactory (CFI=0.970, GFI=0.953, RMSEA=0.040, Chi-square=19.339,
P=0.055).

Figure 9

Final �tted structural equation models depicting relative effects of climate, geographical position, soil
nutrient and moss K content in above-ground and below-ground parts. Boxes represent measured
variables. Ellipse represent latent variable. Kabove-ground: potassium content in above-ground parts of
moss; Kbelow-ground: potassium content in below-ground parts of moss. Standardized path coe�cients
are displayed, with the width of each arrow equivalent to the strength of the path. Solid lines represent the
positive paths. Dashed lines indicate negative paths. The total amount of variance (R2) explained for
each endogenous variable (that is, those with arrows pointing to them) is given on the top right of the
variable. Corresponding probability values are included when P<0.50 (* P< 0.05, ** P< 0.01). The �t of the
model was satisfactory (CFI=0.979, GFI=0.959, RMSEA=0.034, Chi-square=16.366, P=0.128).
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