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Abstract: Mycorrhizal types are a predictive framework for nutrient cycling within and across
ecosystems, and their types represent different nutrient-acquisition strategies for plants. Carbon (C),
nitrogen (N) and phosphorus (P) stoichiometric ratios are essential for understanding biogeochemical
processes. The purpose of this study was to reflect the balance in the process of plant resource
acquisition by exploring the C, N and P stoichiometric ratios (C/N, N/P, and C/P) in shrub organs
in different mycorrhizal types. In this study, the C, N, and P stoichiometric ratios in leaves, stems
and roots were analyzed in the types of arbuscular mycorrhizal (AM), ectomycorrhizal (ECM) and
AM + ECM of shrubs in Northern China. The results showed that C/N in the stems and roots of AM
plants (95.75 and 81.42) was significantly lower than in AM + ECM plants (109.89 and 102.37) and
ECM plants (107.67 and 96.93), while both N/P and C/P in the leaves, stems and roots of AM shrubs
(38.67, 36.17, 40.69; 1028.14, 2989.13, and 2659.18) were significantly higher than in ECM shrubs (30.52,
22.31, 20.47; 796.51, 2208.28, and 1714.95). Moreover, different elements among the same plant organs
were closely correlated, and the same pattern was found among the same element ratios among
different plant organs. This suggests that mycorrhizal type can influence C, N and P ratios among
different organs.

Keywords: stoichiometric ratios; mycorrhizal types; shrub; organ; nutrient allocation; Northern China

1. Introduction

Carbon (C), nitrogen (N) and phosphorus (P) are the three essential elements for life
on Earth [1]—they are the building blocks of organisms [2,3], and they are involved in
the processes of plant development, photosynthesis and apoplastic breakdown [4]. As
the essential elements needed for plant growth and development, C, N and P also play a
crucial role in regulating and driving the succession process of different types of plants [5,6].
Ecological stoichiometry is an important framework for elemental balance and material
cycling through elemental ratios in ecosystems [7]. Ecological stoichiometry is a valuable
method for examining the concentration and distribution of C, N and P in plants and is
crucial for the biogeochemical cycling of ecosystems [8–10]. Plant ecological stoichiometry
focuses on stoichiometric characteristics such as the concentration and ratio of chemical
elements in plant organs [7], reveals the status of plant nutrient limitation at the population,
community and ecosystem scales, and is also an important method for studying plant
nutrient allocation [11]. The C:N:P ratio is commonly used for testing nutrient limitation
and describing important ecological processes and the interactions of elements, and it is a
useful tool for analyzing and interpreting changes and relationships between plants and
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their environment in ecosystems [12,13]. At the same time, it is of great value to study the
C, N and P ratios of plants.

The ratio of plant C, N and P may reflect ecosystem structure and function at a
macro level [14]. C/N and C/P of plants represent the relationship between biomass and
nutrient ratios, while reflecting the relationship between plant growth rate and nutrient
use efficiency [14]. Moreover, the critical value of plant leaf N/P is an indicator of the
nutrient supply status of the soil to the plant [15]. Variations in C/N and C/P affect carbon
fixation and consumption in different ecosystems, so both ratios are important indicators
for assessing the use efficiency of nitrogen or phosphorus. In addition to this, N/P is a valid
indicator of plant growth limitation by nitrogen or phosphorus in the soil [16]. Previous
studies on the ratio of carbon, nitrogen and phosphorus in plants mostly focused on plant
age and growing season. For example, Yang and Luo (2011) [8] found that the C/N of
plant parts in forest ecosystems increased significantly with increasing stand age; and
Ågren (2008) [17] found that there was an increase in C/N and C/P with plant growth
during the growing season. The carbon, nitrogen and phosphorus stoichiometric ratios
of plants in an ecosystem indicate the limiting status of nitrogen and phosphorus, and
in turn affect the accumulation of carbon [18], and are an important aspect of research.
C:N:P stoichiometry not only provides a means of characterizing vital biological processes
in terrestrial ecosystems for detecting nutrient limitation [19], but also offers a critical
theoretical framework in the exploration of the relationship between nutrient cycling and
biofeedback [19]. Numerous studies have shown that C:N:P stoichiometry ratios may be
influenced by abiotic factors such as temperature, altitude, precipitation and drought, as
well as biotic factors such as species composition, life type and genotype [20]. Other than
that, determining C, N, and P stoichiometry in different plant components is essential for
understanding biogeochemical processes [21].

Nutrient effectiveness has a major role in ecosystem function and C, N, and P as
essential nutrients are considered to be the primary source of mineral and organic nutrients
for plants [3,22]. Since different plant organs play different roles in plant growth and have
different requirements for different nutrients, the ratios of carbon, nitrogen and phosphorus
in different organs should also be different [23,24]. Moreover, plants are able to coordinate
the uptake and allocation of limited resources by various organs and their adaptation
to environmental constraints [25]. The concentrations of C, N and P in different organs
of plants and their ratios reflect the ecological strategies and adaptations of plants in
response to environmental changes [26]. The C:N:P ratio among the organs (leaf, stem, and
root) can indicate plant growth rate and physiological regulation in addition to nutrient
effectiveness and nutrient limitation [27]. The plant body needs to distribute nutrients to
different organs to meet the needs of a number of functions including growth, reproduction,
nutrient storage and defense [24]. The distribution of nutrients includes the distribution
of different nutrients within organs and the distribution of the same nutrients among
organs [24]. Studies have previously shown that factors such as evolutionary history,
environmental stress and plant functional groups can influence the nutritional relationships
among different organs [21,25]. C, N and P stoichiometry in plant organs and the factors
affecting them have become a hot topic in plant functional ecology [28]. Therefore, the
study of stoichiometry ratios in organs is important for a comprehensive understanding
of the growth mechanisms and strategies of plants in the scrubland. The ratio of nutrient
concentration in different plant organs is closely related to their function, growth rate, life
history and climate [29], but how does it relate to mycorrhizae?

Mycorrhiza, as a pervasive mutualistic symbiosis between plant roots and soil fungi,
forms among the most important inter-biotic interactions [30]. By common knowledge,
almost all plant species rely on symbiotic relationships with mycorrhizal fungi to promote
their nutrient acquisition [31]. Various species have different types of mycorrhizae, and
functional differences between arbuscular mycorrhizae (AM) and ectomycorrhizae (ECM)
will lead to differences in nutrient among plants [32]. Arbuscular mycorrhizal fungi can
connect neighboring plants and plant species by forming interconnected mycorrhizal
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networks [33]. Mycorrhizal fungi obtain the fixed carbon that is available from their
photosynthetic hosts for the exchange of mineral nutrients such as phosphorus and nitrogen,
which positively affects plant growth [34]. Stoichiometry can help further mycorrhizal
science and contribute to the understanding of mycorrhizal function when assessing the
effectiveness and allocation of carbon, nitrogen and phosphorus in plants, elucidating the
competitive ability of mycorrhizal plants and the outcome of nutrient cycling in terrestrial
ecosystems [35]. Shrubs are the dominant vegetation type in Northern China [24] and are
characterized by high resilience, rapid growth and ease of management [36]. Compared
with trees, shrubs are usually smaller and relatively more evenly sized among species,
which contributes to weakening the “dilution effect” of N and P allocation to plants [21].
Therefore, in this study, shrub communities in Northern China were selected to research
the stoichiometry ratios of C, N and P in leaves, stems and roots and to determine the
influencing factors.

2. Materials and Methods
2.1. Study Site and Investigation

This study was conducted from July to September 2011 at longitudes of 86.7–132.8◦ E
and latitudes of 33.7–52.4◦ N in Northern China. In this study, plants were divided into
three mycorrhizal types AM, AM + ECM, and ECM. Mycorrhizal types of some plants were
determined experimentally by this study, while others were determined from published
studies according to the methods adopted by Averill et al. (2019) [37], Wang et al. (2006) [38]
and Shi et al. (2020) [39]. Five hundred and two samples were obtained with definite
mycorrhizal types, which were 337 (67.13%) in AM species, 67 (13.35%) in AM + ECM and
98 (19.52%) in ECM (Supplementary Data).

In this study, a 20 × 20 m plot with relatively uniform species composition and
community structure was selected as the sample area to represent the shrub community at
this site. All individuals were identified to the species level and we determined mycorrhizal
types according to species. In total, we analyzed 502 individuals of 67 shrub species from
44 genera and 24 families from 149 sites. The shrub levels were determined according to
the basal stem, plant height, growing environment and growing age of the shrubs, usually
divided into three levels—large, medium and small—and then three individuals were
selected for each level. We had at most 14 levels and at least one level. For each individual,
we collected all its adult leaves capable of normal photosynthesis, all stems except the new
stems of the current year, and whole roots of each individual outside and adjacent to the
quadrate. The plant samples collected were dried and ground in the laboratory for the next
step of analysis and determination. More information on data collection and sampling site
locations are found in Yang et al. (2014) [24].

2.2. Determination of Carbon, Nitrogen and Phosphorus Concentrations

Carbon and nitrogen concentrations in plant samples were measured using an elemen-
tal analyzer (2400 II CHNS; Perkin-Elmer, Boston, MA, USA) under 950 ◦C for combustion
and then reduced to 640 ◦C. The phosphorus concentrations in different shrub organs were
analyzed using the molydate/ascorbic acid method after H2SO4-H2O2 digestion [40].

2.3. Data Analysis

In order to better represent the stoichiometric ratios of C, N, and P, the elemental
concentrations of C, N, and P were converted to molar concentrations for ratio analysis in
this study. Mean C/N, N/P and C/P for each mycorrhizal type were used to represent the
elemental ratio in this mycorrhizal type, and 9999 permutations were performed for the
ratio of different element in different mycorrhizal types. All analyses of significance were
performed using SPSS 23.0 and R 4.0.5 (http://R-project.org/, accessed on 29 May 2022).
Linear regression analysis was performed on different element concentrations among the
same organs and the same element ratios among different organs in the shrubs and their
standardized regression slopes and p values were calculated to determine the relationship

http://R-project.org/


Agriculture 2022, 12, 1061 4 of 14

between them. For the AM, AM + ECM and ECM mycorrhizal types, the effects of myc-
orrhiza type, latitude, and their interactions on nine categories (leaf C/N, leaf N/P, leaf
C/P, stem C/N, stem N/P, stem C/P, root C/N, root N/P, and root C/P) were examined
by linear mixed-effects models. Each category was treated as a response variable. Myc-
orrhiza type, latitude and their interaction were fixed effects. Species was considered a
random effect. The analysis of linear mixed-effects models was conducted by R software
(version 4.0.5).

3. Results
3.1. Elemental Concentration Ratios in Shrub Organs in Different Mycorrhizal Types

C/N varied for different mycorrhizal types among different shrub organs. C/N of
leaves for AM, AM + ECM, and ECM were 27.42, 28.25 and 27.32, respectively, and no
significant difference was found among the three (Figure 1A). Stem C/N of AM + ECM
plants (109.89) and ECM (107.67) was significantly higher than stem C/N of AM plants
(95.75). However, no remarkable difference was observed between AM + ECM and ECM
on stem C/N. In the roots, AM + ECM (102.37) and ECM (96.93) were observed to have a
significantly higher C/N than AM (81.42) (Figure 1A).
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Leaf N/P was 38.67, 32.62 and 30.52 (Figure 1B) in AM, AM + ECM and ECM species,
respectively. Additionally, the N/P in the stem and root was 36.17, 27.67 and 22.31
(Figure 1B), 40.69, 26.02 and 20.47 (Figure 1B), respectively. N/P of leaves, stems and
roots in different mycorrhizal types of AM, AM + ECM and ECM presented a similar trend,
with a significantly higher N/P in the AM species than in AM + ECM and ECM plants
(Figure 1B). Moreover, AM + ECM had a significantly higher N/P than ECM in the stems
and roots of the shrubs (Figure 1B).

Leaf C/P was 1028.14, 913.79 and 796.51 (Figure 1C), respectively, in AM, AM + ECM
and ECM species. Additionally, it was significantly higher in AM plants than in AM + ECM
plants, and significantly higher in AM + ECM plants than in ECM plants (Figure 1C). Stem
C/P in AM, AM + ECM and ECM was 2989.13, 2971.51 and 2208.28, respectively, and the
C/P in stems in ECM was significantly lower than that in AM and AM + ECM (Figure 1C).
There was a similar trend in roots, for which the C/P was 2659.18, 2572.28 and 1714.95,
respectively (Figure 1C).

3.2. Relationship between Carbon, Nitrogen and Phosphorus in Different Mycorrhizal Types of
Shrub Leaves

The relationship between the ratio of leaf carbon, nitrogen and phosphorus element
concentrations in different mycorrhizal types was shown in Figure 2. The slope of the
increasing trend of leaf C with increasing leaf N was 0.8384, 2.3619, and 0.0435 in AM,
AM + ECM and ECM, respectively (Table S1). Based on the p-value of the slope, it is known
that leaf C increased extremely significantly with increasing leaf N in AM + ECM species,
while no significant pattern was found in AM and ECM plants (Figure 2, Table S1). The slope
of leaf N/P was 19.394, 4.4693 and 1.1417 in AM, AM + ECM and ECM mycorrhizal-type
plants, respectively, and was highly significant in AM plants and significant in AM + ECM
plants, but no significance was observed for ECM plants (Figure 2, Table S1). The slopes of
leaf C/P in different mycorrhizal types of AM, AM + ECM, and ECM were 42.145, 7.1678
and 8.0611, respectively. A strongly significant leaf C/P was observed only in AM plants
(Figure 2, Table S1).
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Figure 2. The relationship between the ratio of C, N, and P in leaves for different mycorrhizal types.
The blue cycles and blue lines mean AM, the red triangles and red lines mean AM + ECM, and the
gray squares and black lines mean ECM.

The slopes of C/N in the stems were 0.2719, 1.0278 and 0.2926 for the AM, AM + ECM
and ECM mycorrhizal types, respectively, but none of them were significant (Figure 3,
Table S2). In stems, plants with each of these three mycorrhizal types exhibited an extremely
significant increase in nitrogen concentration with increasing phosphorus concentration,
where the slopes of stem N/P were 14.933, 11.242, 11.303 in AM, AM + ECM, and ECM,
respectively (Figure 3, Table S2). The opposite pattern was shown for C/P in the stem,
which was that the carbon concentration in the stem gradually decreased as the phosphorus
concentration in the stem increased, and this decreasing trend showed a strong significance
in AM plants (Figure 3, Table S2).

In the roots of the shrubs, the slopes of C/N, N/P, and C/P of AM species were
0.6408, 12.028 and −31.841, respectively (Figure 4), where carbon concentration increased
significantly with increasing nitrogen concentration and decreased highly significantly with
increasing phosphorus concentration, and nitrogen concentration increased greatly with
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increasing phosphorus concentration (Table S3). For AM + ECM plants, C/N, N/P, and
C/P in their roots were 3.1454, 2.8711 and −69.927, respectively, with C/P being extremely
significant (Figure 4, Table S3). C/N, N/P, and C/P were not significant in the roots of
ECM plants (Figure 4, Table S3).
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3.3. Relationships between C/N, N/P and C/P in Shrub Organs in Different Mycorrhizal Types

There were also relationships between different organs of the shrubs for C/N, N/P,
and C/P (Figures 5–7). The slope of the ratio of leaf C/N to stem C/N was 0.1141, 0.0959
and 0.0585 (Table S4), the slope of the ratio of leaf C/N to root C/N was 0.1246, 0.0696
and 0.0805, respectively (Table S4), and the slope of the ratio of stem C/N to root C/N
was 0.8051, 0.5535 and 0.5313, respectively (Table S4), in AM, AM + ECM and ECM species.
Moreover, the C/N ratio showed an extremely significant relationship among the leaves,
stems and roots of the shrubs. This suggests that in AM, AM + ECM and ECM shrubs, leaf
C/N increased with stem and root C/N, and at the same time stem C/N increased with
root C/N (Figure 5).
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We found the same trend in the ratio of N/P and C/P in different organs of the shrub
(Figures 6 and 7). For N/P, the slopes in the leaf/stem of AM, AM + ECM, and ECM
were 0.4355, 0.3482, and 0.7012; the slopes in the leaf/root of AM, AM + ECM, and ECM
were 0.2408, 0.5043, and 0.4527; and the slopes in the stem/root of AM, AM + ECM, and
ECM were 0.5181, 0.6267, and 0.3000 (Table S5). Moreover, the extremely significant slope
indicated that leaf N/P increased in a highly significant manner with the increase in stem
N/P and root N/P, and stem N/P also showed a strongly significant increase with the
increase in root N/P (Figure 6). In AM, AM + ECM, and ECM, the slopes of the ratios of
leaf C/P and stem C/P were 0.0889, 0.1113, and 0.1143, respectively; the slopes of the ratios
of leaf C/P and root C/P were 0.1001, 0.1272, and 0.0973, respectively; and the slopes of the
ratios of stem C/P and root C/P were 0.4401, 0.6498, and 0.2709 (Table S6). Additionally,
all these slopes showed great significance, which means a strongly significant increase in
leaf C/P with increasing stem C/P and a very significant increase in both leaf C/P and
stem C/P with increasing root C/P (Figure 7).

Linear mixed-effects model analyses confirmed that leaf N/P, leaf C/P, stem N/P,
stem C/P, root C/N and root N/P in shrub organs varied with mycorrhiza type and stem
C/N, stem N/P, stem C/P, root C/N and root N/P also varied with latitude. Additionally,
significant interactions were observed between the two variables (except stem C/P and
root C/P) (Table 1).
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Table 1. The effect of mycorrhiza type, latitude, and their interaction on the C, N, and P concentration
ratio in shrub organs based on linear mixed-effects models.

Ratio
Mycorrhiza Type Latitude Mycorrhizatype ×

Latitude

F P F P F P

leaf C/N 0.28 0.75 2.33 0.13 4.70 0.01
leaf N/P 3.35 0.04 2.12 0.15 7.62 <0.001
leaf C/P 3.24 0.04 0.12 0.73 4.54 0.01

stem C/N 1.80 0.17 49.25 <0.001 10.80 <0.001
stem N/P 4.72 0.01 12.65 <0.001 4.73 0.009
stem C/P 3.35 0.04 6.96 0.009 0.66 0.52
root C/N 2.58 0.08 14.40 <0.001 3.73 0.02
root N/P 3.49 0.04 9.18 0.003 3.97 0.02
root C/P 1.38 0.26 0.11 0.74 0.45 0.64

Mycorrhiza type, latitude and their interaction are fixed effects. Species is a random effect.

4. Discussion

Leaf C/N (AM: 27.42, AM + ECM: 28.25, and ECM: 27.32) was similar to the global
value (27.77) and Chinese value (24.62) in different mycorrhizal types, leaf N/P (AM: 38.67,
AM + ECM: 32.62, and ECM: 30.52) was also similar to the global value (30.56) and Chinese
value (31.89), and leaf C/P (AM: 1028.14, AM + ECM: 913.79, and ECM: 796.51) was higher
than the global value (777.32) [16,41]. C/N in shrub leaves in different mycorrhizal types
was lower than that of Chinese dryland plants (29.4) [42]. N/P and C/P of AM shrub leaves
were higher than those of Chinese dryland plants (36.09 and 997.17), while N/P and C/P
of AM + ECM shrub leaves were lower than those of Chinese dryland plants [42]. C/N
and C/P in stems of AM, AM + ECM and ECM shrubs were higher than those in stems of
Chinese dryland plants. AM shrubs had higher stem N/P than Chinese dryland plants,
while AM + ECM and ECM shrubs had the opposite [42]. C/N, N/P and C/P in roots
had the same pattern in stems of different mycorrhizal types of shrubs in Northern China
compared with Chinese dryland plants [42]. This study showed that leaf C/N, N/P, and
C/P of AM plants in shrubs in Northern China were 27.42, 38.67, and 1028.14 greater than
those of herbaceous plants (16.05, 38.31 and 583.60) [43], respectively, and the C/N and
C/P of AM + ECM leaves (28.25 and 913.79) were also greater than those of herbaceous
plants, and the C/N and C/P of ECM plant leaves (27.32, 769.51) were also greater than
those of herbaceous plants. This may be related to the lower leaf carbon concentration
of herbaceous plants [43]. Fast-growing plants typically have lower C/N and C/P than
slow-growing plants [17]. It has been shown that herbaceous plants exhibit lower C/N and
C/P than shrubs and trees, which is related to their ability to develop more quickly [35,44].
Therefore, inconsistencies between this and other studies may be the result of variations
in the geographic scope of sampling, the type of plant being studied, or the plant organ
in question.

Various plant organs have various physiological functions, which inevitably lead to
different ratios of element concentrations in different organs [17,41]. In our study, the C/N
and C/P in the leaves of the shrubs were lower than that in the root, which is in agreement
with the findings of Zou et al. (2021) [45] in karst shrubs. Additionally, our results showed
that leaves had lower C/N and C/P than stems, which is in agreement with the results of
Yang et al. (2016) [46] in Lucerne; this may be related to more C accumulation in stems.
N/P in the leaves was greater than in the stems, which was related to the fact that more N
was accumulated in the leaves. N/P is more strongly correlated with N than with P [47].
Since the leaf is the major organ of plant assimilation and metabolism, the plant allocates
more nitrogen to it for synthesis of enzymes, transport of proteins and amino acids, to take
part in metabolic activities such as photosynthesis and respiration [48]. Overall, differences
in plant carbon, nitrogen and phosphorus stoichiometric ratios among different organs
may be attributed to differences in organ structure and physiology.
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The results of this study showed no significant difference in leaf C/N among the
different mycorrhizal types. This indicated that mycorrhizal type had less of an effect
on C/N in leaves and also suggested that the leaves of shrubs maintained their relative
stability in terms of C/N. This result supported the dynamic equilibrium theory and
characterized the important role of plants in regulating leaf C/N stability by themselves [7].
This is different from other studies where C/N was higher in ECM leaves than in AM
leaves [49,50]; this difference may be caused by differences in study sites, vegetation
types, species, etc. However, in stems and roots, the C/N in AM + ECM and ECM was
significantly higher than that in AM. C/N of the plant is a tangible indicator of the growth
rate [17]. Therefore, the lower stem and root C/N of AM species indicated that AM shrubs
grew faster than ECM shrubs, which was closely related to the rapid nutrient cycling of
AM species [51].

C/P can be used to evaluate the P use efficiency and the response of plants to P
assimilation, since the C/P ratio has a positive correlation with plant P use efficiency and
a negative correlation with plant growth rate [52]. In our study, AM plants had a higher
C/P than the plants of the other two mycorrhizal types, indicating that AM shrubs had the
highest efficiency of P utilization and the lowest growth rate. ECM plants had the lowest
C/P among the leaves, stems, and roots of the shrubs, suggesting that ECM mycorrhizal
colonization can improve the P status of the plants. This is in stark contrast to the results
of other studies showing relatively low C/P with arbuscular mycorrhizal species [49,53].
Carbon acquisition depends greatly on the availability of nitrogen and phosphorus. It
has been shown that C/N and C/P is more susceptible to the control of N and P and
not of C [47]. Carbon concentration in plant leaves, stems and roots is known to be fairly
constant across plant organs, plant species. Thus, changes in C/N and C/P ratios are
driven to a greater extent by changes in N and P concentrations [2,54]. This came down
to the fact that ECM shrubs have higher phosphorus concentrations compared to AM
shrubs, which can be attributed to several reasons. First, compared to the predominantly
negative feedback in AM, ECM typically shows positive plant–soil feedback [55], and
thus ECM plants can promote phosphorus accumulation in plants by promoting plant
growth. Second, in theory, ECM symbiotic evolution may result in the evolution of fungal
phosphorus uptake characteristics, and the phosphorus acquisition characteristics of ECM
can be improved following this symbiotic evolution [56].

Nitrogen and phosphorus are generally regarded as the most limiting elements of
terrestrial vegetation [57], and their concentrations will limit the growth and development
of plants in terrestrial ecosystems and are susceptible to abiotic factors [45]. The concentra-
tions and ratios of elements in different organs have different effects. Leaf nitrogen and
phosphorus have important roles in plant metabolism, stems serve as storage organs for
nitrogen and phosphorus, and roots take up nutrients and water [40]. N/P of leaves in
different mycorrhizal types in this study was higher than that in East Asian shrub com-
munities [58]; this shows that N/P can be affected by geographical location. Research
showed that the leaves require sufficient nitrogen and phosphorus to synthesize various
enzymes for biochemical reactions, the stems are also rich in nitrogen and phosphorus, and
the roots require sufficient nitrogen and phosphorus to support metabolism [59]. Ågren
(2004) [60] showed that the lower the N/P, in turn, the higher the growth rate. In our study,
AM plants had a significantly higher N/P than AM + ECM and ECM plants in different
shrub organs (leaves, stems and roots), indicating that AM plants have higher growth rates.
Leaf N/P can be used to determine the potential nitrogen and phosphorus limitation in
plants. In general, plant growth is more susceptible to N limitation when leaf N/P is less
than 14, and is more susceptible to P limitation when N/P is greater than 16, while N/P
between 14 and 16 means that N and P are equally limiting to plant growth [61]. Since
the ratios here are in units of concentration, after converting the units of N and P used
in this study from mol/g to mg/g, we found that leaf N/P was greater than 16 for AM
plants (17.46), between 14 and 16 for AM + ECM plants (14.73), and less than 14 for ECM
plants (13.78), indicating that AM species are more susceptible to phosphorus limitation
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and ECM shrub species are more susceptible to nitrogen limitation. This suggests that the
nutrient limitation of the plant can be affected by the mycorrhizal type. Normally, it is
the most active organs that require the highest levels of essential elements (e.g., nitrogen
and phosphorus). Therefore, the more active organs will have a higher N/P stoichiometric
homeostasis [35]. AM mycorrhizae had a more significant positive effect on N/P and C/P
in leaves, stems and roots of shrubs than ECM mycorrhizae, which is in agreement with
our previous study that ECM mycorrhizae were most effective in promoting phosphorus
absorption in shrub organs [62]. Plant stoichiometry of nitrogen and phosphorus may also
be influenced by various environmental factors such as temperature and rainfall. The C:N:P
stoichiometric ratio of plants may also be influenced by soil nutrient conditions.

There was a significant relationship among carbon, nitrogen and phosphorus concen-
trations within the same plant organ, as well as nutrient ratios (C/N, C/P and N/P) in all
paired organs, and the same findings were also found in the studies of Ma et al. (2019) [63],
and Yuan et al. (2011) [64]. There was a significant relationship among carbon, nitrogen and
phosphorus of AM species in all shrub organs (leaves, stems and roots) (except leaf C and N
and stem C and N). The opposite phenomenon is that there is no some relationship between
carbon, nitrogen and phosphorus in the different organs of ECM species (except between
stem N and P). This indicates that the AM mycorrhizal type is beneficial in promoting the
relationship between different nutrients among the same organs of the shrubs, especially
for elements in the leaves and roots of the shrub. This may be related, on the one hand, to
the fact that AM can form symbiotic relationships with most (71%) of the vascular plants in
terrestrial ecosystems [65], and on the other hand to the fact that symbiotic relationships
between AM fungi and plants can facilitate nutrient uptake by host plants [49]. The strong
relationship between carbon, nitrogen and phosphorus in each plant organ probably comes
from the most basic biochemical processes and metabolic activities common to land plants
such as photosynthesis and respiration. Our observations revealed the same elemental
ratios (C/N, N/P, and C/P) in whether the AM, AM + ECM or ECM mycorrhizal types
showed significant relationships in different organs of the shrubs. Our previous study
also found strong relationships among the same elemental concentrations (C, N, and P)
in different organs [62]. Previous studies have shown that significantly different N and
P stoichiometry existed in different organs within the same plant, while N and P concen-
trations in leaves, stems and roots remained related [64]. The nutritional properties of
different organs of plants may be limited by their evolutionary history and may exhibit
similar physiological interactions of organs. This strong relationship is inextricably linked
to the strong relationship between the above- and belowground organs of the plant. Due
to the close association between plant parts, nutrient assimilation between aboveground
and belowground parts is closely related, and nutrient concentrations between leaves and
roots are usually positively correlated [24], which is also highly consistent with our find-
ings. To be specific, increases in nutrients in the nutrient-rich aboveground organs (leaves)
are often accompanied by significant increases in nutrients in the belowground organs
(roots) [63]. Leaves usually exhibit relatively high photosynthetic and metabolic activity,
requiring more investment in roots to maintain nutrient uptake by roots. The increased
nutrient concentrations of structural organs (roots and stems) may imply an increased rate
of nutrient cycling in the bast, which leads to an efficient export of photosynthetic products
and bast loading within the plant. Additionally, climate is a factor that affects elemental
ratios among organs, and climate can influence soil factors directly or indirectly through
improved plant–soil feedback responses [66] and further regulate changes in plant nutrient
concentrations and the ratio among organs.

The results of the linear mixed-effects model indicated that the ratios of elements in
plant leaves, stems and roots were influenced by the mycorrhizal type, latitude and the
interaction between the two. This correctly confirmed the differences in the proportions of
elements in the organs of different mycorrhizal types of shrubs. Previous studies have also
shown the relationship between elemental ratios and latitude [67]—both C/P and N/P in
different organs of the plant decreased significantly with the increasing of latitude, while
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C/N did not show a significant trend with latitude [59]. This may be due to the different soil
nutrient status, shrub type and moisture limitation status at different latitudes. This also
suggests that phosphorus is more constrained by environmental conditions in terrestrial
ecosystems; and in addition, it has been shown that this constraining effect is stronger in
active organs such as leaves and roots [59]. This is worthy of further in-depth study.

5. Conclusions

In the stems and roots of the shrubs, AM + ECM plants and ECM plants had a signif-
icantly higher C/N than AM plants. AM has a more positive effect on N/P and C/P in
leaves, stems and roots of shrubs than ECM. The different nutrients in the same organs of
the shrubs and the ratios of the same nutrients in different organs of the shrubs are strongly
related and are not independent. In conclusion, these findings will provide some new
insights into the role of C:N:P stoichiometry limiting strategies in plants and improve our
understanding of ecological processes in shrubs in Northern China.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture12071061/s1, Table S1: The slope of the ratio of C, N,
and P in leaves for different mycorrhizal types; Table S2: The slope of the ratio of C, N, and P in stems
for different mycorrhizal types; Table S3: The slope of the ratio of C, N, and P in roots for different
mycorrhizal types; Table S4: The slope of the carbon to nitrogen ratio in different organs for different
mycorrhizal types; Table S5: The slope of the nitrogen to phosphorus ratio in different organs for
different mycorrhizal types; Table S6: The slope of the carbon to phosphorus ratio in different organs
for different mycorrhizal types. Supplementary Data: Five hundred and two samples were obtained
with definite mycorrhizal types, which were 337 (67.13%) in AM species, 67 (13.35%) in AM + ECM
and 98 (19.52%) in ECM.
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