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Abstract
Coexisting plants can enhance soil phosphorus (P) availability and plant-P acquisition. However, whether plants growing in 
P-impoverished desert ecosystems present flexible foliar-P allocation strategies and show discrepancies in their response to 
different chemical forms of soil-P in plant/plant mixed systems requires further exploration. Four sites with different soil-
P availabilities were chosen and foliar-P fractions of legume Alhagi sparsifolia and non-legume Karelinia caspia in sole 
and mixed systems were determined. Correspondingly, soil P-fractions, alkaline phosphatase, β-glucosidase, and other soil 
properties were measured. Our results found Alhagi sparsifolia and Karelinia caspia were not complementary in mixed 
system. Compared to the sole Karelinia caspia, the dry leaf weight of mixed Karelinia caspia was increased by 16%, while 
mixed Alhagi sparsifolia was reduced by 30% relative to the sole Alhagi sparsifolia. In a mixed system, Alhagi sparsifolia 
allocated 34% foliar-P to nucleic acid-P, but Karelinia caspia allocated 35% foliar-P to metabolic-P and 32% foliar-P to 
structural-P, respectively. Moreover, compared to the sole system, soil active Pi in the mixed system was increased by 22%, 
but active organic-P (Po) was reduced by 14%. Furthermore, soil active Pi and Po were stronger determinants for the foliar-P 
fractions of mixed Alhagi sparsifolia, while active Pi and enzyme activity were stronger determinants for mixed Karelinia 
caspia. Overall, the flexible allocation of nucleic acid-P by mixed Alhagi sparsifolia and the different responses of foliar-P 
fractions in mixed systems to soil active Pi and Po indicated the P utilization and allocation strategies of two coexisting 
desert species to low-P environments.

Keywords Coexistence plant species · Complementarity effect · Desert ecosystems · Foliar-P fraction · Legume · Soil 
active P

Introduction

Phosphorus (P) is a crucial macronutrient in plant growth, 
but its availability is generally limited in the soils of most 
ecosystems (Xia et al. 2020). Due to this P deficiency, plants 
have evolved advanced strategies to improve P acquisition 
and P use efficiency (Ceulemans et al. 2017; Lambers et al. 
2018). The processes that enhance soil P acquisition include 
increased desorption, solubilization, and mineralization 
of P from recalcitrant soil inorganic P (Pi) and organic P 
(Po) pools using root-secreted phosphatases, protons, and 
low-molecular-weight organic acids (Lambers et al. 2010; 
Yu et al. 2020). In addition, greater root surface area, root 
length, and optimized root structure make it possible for 
plants to improve soil P-acquisition (Shane et al. 2006). The 
processes that improve P use efficiency include reducing the 
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critical P requirement in plant growth, increasing growth per 
unit P uptake, and improving the reallocation capacity of 
internal P (Richardson et al. 2011).

Plants obtain soil P using various strategies, but the 
method used by different plant species and their abilities 
are inconsistent (Lambers et al. 2022). In P-acquisition sys-
tems, several legumes have developed P activation strate-
gies to secrete greater amounts of protons, carboxylates, and 
organic acids to mobilize more recalcitrant soil P fractions 
than non-legumes (Shane and Lambers 2005). Moreover, 
plant–plant mixed systems are being increasingly recognized 
as a crucial element in strategies through which plants could 
promote P acquisition through complementarity effects 
among coexisting plants (Bennett 2021; Woods et al. 2021). 
Mixed planting between several legumes and non-legumes 
improved the P nutrition of non-legumes (Li et al. 2007). 
Liao et al. (2020) found that intercropped maize and faba 
bean could significantly improve the average aboveground 
P content of maize compared to sole maize. Unfortunately, 
the majority of previous reports only focused on the total P 
content of plants (Arunachalam et al. 2021; Richardson et al. 
2011), and the foliar-P fractions have been insufficiently 
investigated in relation to different functions in plant/plant 
mixed systems.

Recently, foliar-P fractions allocation has become an 
important means of exploring the adaptation of plants to P 
deficiency environments (Hidaka and Kitayama 2011, 2013; 
Yan et al. 2019). Gao et al. (2022a) demonstrated that the 
legume Alhagi sparsifolia is tends to distribute higher pro-
portion P to the nucleic acid-P fraction in the P deficiency 
condition. In addition, foliar-P fractions were found that to 
be affiliated with plant tolerance to chilling (Yan et al. 2021). 
These findings may be associated with the foliar-P fractions 
with different functions dominating physiological changes in 
leaves (Hayes et al. 2018). In foliar-P fractions, metabolic-
P (namely ADP, ATP and inorganic-P [Pi]) is the active 
fraction in foliar metabolic activities, nucleic acid-P (com-
ponents of RNA and DNA) dominates hydrolases and pro-
tein synthesis, and structural-P (components of membrane 
phospholipids) is primarily involved in leaf photosynthesis 
and cell structures, namely, cell membranes, whereas the 
function of residual-P (including phosphorylated proteins) 
is unknown (Ågren et al. 2012; Mo et al. 2019). Therefore, 
foliar-P fractions may be more suitable for exploring plant 
adaptability to low P environment than leaf total-P content 
in the plant/plant mixed systems.

Complementarity effects usually occur in nutrient uptake 
by coexistence plants according to different soil layers and 
different soil-P pools, such as the Po or Pi pool (Postma and 
Lynch 2012). Plants could absorb various chemical forms of 
P in soil solution (Turner 2008), including orthophosphate 
forms (Hinsinger 2001), which are directly absorbed by plant 
roots, as well as organic and recalcitrant soil-P, from which 

the P must be released through the root exudates (Richardson 
et al. 2011). The mineralization of Po fractions may relate 
to the vital source of P for plants, particularly in a P-limited 
ecosystem (Rui 2012). Previous researchers have found that 
in a plant/plant mixed system, a sole maize system and a 
mixed maize and faba bean system depleted the NaOH-Pi 
and HCl-Po fractions, while a sole faba bean depleted the 
 NaHCO3-Po and NaOH-Po fractions (Liao et al., 2020). This 
evidence for the utilization of different soil-P fractions by 
the two plants in conditions of coexisting (i.e. P-resource 
partitioning) better explains the advantages of a mixed sys-
tem of maize and faba in agricultural production.

P limitation frequently occurs in the desert ecosystem 
with the lower soil-P availability (Xia et al. 2020). Moreo-
ver, recent studies have found that the leaf total-P and the 
allocation pattern of foliar-P fractions of sole Alhagi spar-
sifolia are closely related to soil active P (Gao et al., 2022a). 
Therefore, the ways that coexisting desert plants obtain the 
limited soil-P resources and use leaf P efficiently in mixed 
systems can demonstrate P utilization strategies of desert 
plants in extremely P-deficient environments. Based on the 
above considerations, the foliar-P fractions, soil active Pi 
(sum of resin-P,  NaHCO3-Pi, NaOH-Pi) and Po (sum of 
 NaHCO3-Po, NaOH-Po) in sole and mixed Alhagi sparsifo-
lia and Karelinia caspia were explored at sites with differ-
ent soil-P availability. We aimed to (a) investigate whether 
a mixed system of Alhagi sparsifolia and Karelinia caspia 
has complementarity effects on leaf P status, (b) explore the 
allocation patterns of foliar-P fractions of sole and mixed 
Alhagi sparsifolia and Karelinia caspia at different soil-P 
availability sites, and (c) reveal the potential relationship 
between foliar-P fractions allocation and active P (Pi and Po) 
in soil and other soil properties in mixed systems.

Materials and Methods

Study Area Description

Fieldwork for this study was performed in 2020 at the 
juncture of the Qira oasis and the Taklimakan desert, 
which features dune movement threat and a hyper-arid 
climate. The extremely low annual precipitation (35 mm) 
accompanied by strong evaporation potential (2600 mm) 
lead to low vegetation coverage (less than 15%) and 
sparsely distributed phreatophyte plants (Table S1), i.e. 
Alhagi sparsifolia, Karelinia caspia, Calligonum mon-
golicum and Tamarix ramosissima, and so forth (Gao 
et al. 2022b; Zeng et al. 2013). Through field investiga-
tion and analysis of the properties of bare land at multi-
ple naturally established sampling sites, four sites were 
chosen that had different soil-P availabilities. Moreo-
ver, the results of soil resin-P beneath sole or Alhagi 
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sparsifolia and Karelinia caspia mixed system showed 
a general growth from sites 1 to site 4 (Table S2). Each 
site is at least 2 km distant from the others. Three plots 
were designed per site, and the area of each plot was 100 
 m2. The area of each site was about 2 hectares, and the 
distance between the plots within each site was more than 
50 m. In each plot, sole Alhagi sparsifolia, sole Karelinia 
caspia, and Alhagi sparsifolia/Karelinia caspia mixed 
growth were found. All sites/plots have the similar plant 
densities and proportions between the two species and 
between the different communities types (sole/mixed) and 
are randomly arranged within each plot at each site.

Sample Collection

The plant samples were obtained in September 2020. 
Three representative sole Alhagi sparsifolia, sole Kare-
linia capsica, mixed Alhagi sparsifolia and mixed Kare-
linia capsica (Alhagi sparsifolia/Karelinia capsica mixed 
system) with a similar heights and crown widths were 
selected per plot, respectively. Thus, nine individuals 
per species (sole/mixed) were selected per site. At least 
3.0 g young leaves (the most recent fully expanded) were 
collected from per individual (sole/mixed) at each plot 
under natural conditions. The collected leaves were put in 
resealable bags and were immediately put in a car refrig-
erator at 4 °C and then stored at − 80 °C to measure the 
foliar-P fraction content. The total time from collection 
to storage in a − 80 °C freezer was no more than 2 h. 
Moreover, all leaves were collected from each individual, 
and oven dried 48 h at 75 °C to obtain dry leaf weight, 
shattered and sieved (< 0.15 mm), and finally measured 
for total-P content.

After the leaves of each individual were collected, 
at the base of each sampled individual, 0–60 cm deep 
soil samples were sampled using a profile method. A 
soil profile with length, width and height of 60, 60 and 
60 cm was excavated. After the floating soil on the pro-
file was removed, soil samples were carefully collected 
evenly from below the profile. About 500 g harvested 
soil samples were immediately retained by the quartering 
method and then were divided into two parts and put in 
resealable bags, respectively. One was placed into a car 
refrigerator at 4 °C and brought to the laboratory, sieved 
through a 2 mm mesh, and then stored in a 4 °C refrigera-
tor to measure soil enzyme activity, soil organic matter 
(SOM), microbial biomass phosphorous (MBP),  NH4

+-N, 
and  NO3

–-N. The second was used to measure soil-P frac-
tions, electrical conductivity (EC), pH, total N, and total 
P after natural air-drying. Thus, the unit of replication at 
each site was either nine individuals or nine soil samples.

Foliar Total‑P and Foliar‑P Fractions Analysis

Dry Leaf samples were used to determine the total-P con-
tent using an inductively coupled plasma optical emission 
spectrometer (ICP-OES) Model 5300DV (Perkin Elmer) 
after shattering and acid-digesting. Frozen leaf samples 
were used to determine the foliar-P fractions, including 
the metabolic-P (including Pi), structural-P, nucleic acid-
P, and residual-P fraction. Briefly, 1.0 g leaf sample of 
freeze-dried were weighted, then chloroform–methanol-
formic acid, chloroform–methanol-water, water-washed 
chloroform, methanol (85%), 5% trichloroacetic acid 
(TCA), and 2.5% TCA were added successively for anal-
ysis. Finally, each foliar-P fraction obtained was acid-
digested as described earlier before quantifying the total-P. 
The detailed method for determination was presented by 
Gao et al. (2022c).

Soil P Fraction Analysis

Active Pi (resin-P,  NaHCO3-Pi, and NaOH-Pi), active Po 
 (NaHCO3-Po, and NaOH-Po), HCl-P, and residual-P in soil 
were measured using a sequential extraction method (Hed-
ley et al. 1982). In brief, 1.0 g soil sample was sifted with a 
2 mm sieve after air-drying, was weighed, and was placed in 
a 50 mL tube. Then deionized water, cation exchange resin, 
 NaHCO3, NaOH, and HCl solution were added successively 
for continuous extraction. Po was obtained by subtraction. 
Finally, the residual soil after continuous extraction was 
digested to obtain residual-P. The detailed methods of this 
determination could be referred to Gao et al. (2022b).

Soil Physicochemical Properties Analysis

Alkaline phosphatase (ALP) and β-glucosidase activity were 
determined according to the methods outlined by Tabata-
bai and Bremner (1969) and Eivazi and Tabatabai (1988), 
respectively. Soil microbial biomass phosphorous (MBP) 
was determined referencing for the method developed by 
Brookes et al. (1985). Soil Olsen-P and total-P concentration 
were determined using the molybdenum blue colorimetry 
method after using 0.5 M  NaHCO3 extraction and digesting 
(8 mL  H2SO4 and 2 mL  HClO4), respectively (Olsen and 
Sommers 1982). Fresh soil was extracted with 2 M KCl and 
soil  NH4

+-N and  NO3
−-N were measured using an AA3 auto 

analyzer (Bran-Luebbe, Hamburg, Germany). Soil total-N 
was extracted with 5 mL of concentrated  H2SO4 at 360 °C 
and then distilled using a full-automatic Kjeldahl appara-
tus. SOM was determined using  K2Cr2O7 oxidation. Soil pH 
and EC were measured from a soil–water slurry (soil:water, 
1:2.5) using a compound electrode (MP551, China).
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Statistical Analyses

Analysis of variance (one-way, two-way, and three-way) was 
used to analyze the dry leaf weight, leaf total-P, and foliar-P 
fractions among plant species (P), cropping systems (C), 
sampling sites (S) and their interaction (C × S, C × P, S × P 
and C × S × P). Relative value totals (RVT) of the major 
parameters in a mixed system were calculated to examine 
whether over-yielding in terms of dry leaf weight, leaf total-
P, and foliar-P fractions occurred at the community level. 
The relative value (RV) of individual species was calculated 
to examine the performance of specific species in mixed 
systems. For detailed calculation methods, see Hooper and 
Dukes (2004) and Sun et al. (2017). A relative value > 1 indi-
cates that the mixed system has more value than the average 
sole system of the species constituting the mixed system. 
Foliar-P fractions, soil MBP, ALP, β-glucosidase, and soil-P 
fractions were plotted using GraphPad Prism 9.0. A correla-
tion heat map and structural equation modeling (SEM) were 
used to analyze the potential relationships between foliar-
P fractions, soil active P, and soil physical and biological 
properties for the two plant species in response to the sole 
and mixed systems. The SEM analyses were performed with 
IBM SPSS-Amos 26.0, and further details regarding SEM 

analyses are given in Supplementary materials (Table S3). 
Statistical analyses were performed with the SPSS PASW 
statistics 21.0 and R project (R Development Core Team 
2018).

Results

Leaf Dry Matter Accumulation and P Content

The total leaf P content and dry weight of Alhagi sparsifolia 
and Karelinia caspia showed different response to the sole 
and mixed systems under different levels of P availabilities 
in soil (Fig. 1). The leaf total-P content and dry weight of 
mixed Karelinia caspia were higher than the Karelinia cas-
pia alone, the opposite relationship to that shown by Alhagi 
sparsifolia alone and mixed Alhagi sparsifolia. For instance, 
compared to the sole Alhagi sparsifolia, the dry leaf weight 
of mixed Alhagi sparsifolia was reduced by 39% at site 2, 
42% at site 3, and 18% at site 4, respectively. In addition, the 
dry leaf weight and total-P content of sole or mixed systems 
gradually increased as the soil-P availability increased, with 
the exception of the total-P content of the leaf of Karelinia 
caspia at site 4.

Fig. 1  Leaf total phosphorus content and dry weight of sole/mixed Alhagi sparsifolia and Karelinia caspia in different soil P availability sites. 
Lowercase letters above the bars indicate significant differences in different sampling sites (P < 0.05).
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The relative value of the dry leaf weight and leaf total-
P of Alhagi sparsifolia  (RVA) and Karelinia caspia  (RVK) 
indicated over-yielding in the mixed systems at the four 
sites, except for the dry leaf weight of  RVA at sites 2 and 3. 
The relative value totals  (RVTA+K) showed the same trend. 
Moreover, the  RVK was significantly higher across the four 
sites than  RVTA+K and  RVA (Fig. 2). Furthermore, dry leaf 
weight showed significant differences between different sites 
(S, P < 0.001), plant species (P, P < 0.001), and the inter-
action between cropping systems, sites and plant species 
(C × S × P, P < 0.001, Table 1). The leaf total-P presented 
significant differences at different sites (P < 0.001), and the 
interaction between cropping systems, sites, and plant spe-
cies (C × S × P, P < 0.05).

Foliar‑P Fraction Content

The  RVA and  RVK of the four foliar-P fractions implied that 
the mixed system has more foliar-P fractions than the spe-
cies’ average sole system average (Fig. 2). Among them, 
the metabolic-P and structural-P of  RVK were higher than 
 RVTA+K and  RVA. However, the Nucleic acid-P of  RVA was 
higher than  RVA and then than  RVTA+K. The residual-P 

implied that  RVTA+K was higher than  RVA and  RVK. Addi-
tionally, the nucleic acid-P, structural-P, and residual-
P contents of the two desert species showed significant 
interaction differences between cropping systems, sites, 
and plant species, respectively (P < 0.01; Table 1). Alhagi 
sparsifolia/Karelinia caspia mixed system significantly 
reduced the contents of metabolic-P and structural-P of 
mixed Alhagi sparsifolia compared to sole Alhagi sparsifolia 
(Fig. 3). However, the nucleic acid-P of mixed Alhagi sparsi-
folia was higher than the sole Alhagi sparsifolia. Conversely, 
the mixed system increased the contents of metabolic-P and 
structural-P of mixed Karelinia caspia, with the exception 
of structural-P at site 4, but it decreased the nucleic acid-P, 
and residual-P content of mixed Karelinia caspia.

Foliar‑P Fraction Allocation

Mixed planting changed the allocation proportion of 
Alhagi sparsifolia and Karelinia caspia (Fig.  4). The 
metabolic-P and structural-P proportions of mixed Alh-
agi sparsifolia were significantly lower than sole Alh-
agi sparsifolia, but nucleic acid-P was increased, par-
ticularly in site 1, which had the lowest soil available P 

Fig. 2  The relative values of dry leaf weight, leaf total-P and foliar-P 
fractions at the community level (RVT) and individual species level 
(RV) in the mixed system. Lowercase letters above the bars indicate 

significant differences in different sampling sites (P < 0.05); upper-
case letters indicate significant differences in different individual spe-
cies and community levels (P < 0.05).
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concentration. Conversely, the allocation proportion of 
metabolic-P of mixed Karelinia caspia was considerably 
higher than Karelinia caspia alone, and its nucleic acid-P 
and residual-P were lower than Karelinia caspia alone. 
Furthermore, we also found that residual-P proportion was 
significantly associated with cropping systems (Table 1; 
P < 0.05). Only the allocation proportion of metabolic-P 

and residual-P were closely related to the sites with differ-
ent soil available P concentrations. The allocation propor-
tions of nucleic acid-P, structural-P, and residual-P of the 
two desert species had significant interaction differences 
between cropping systems, sites, and plant species, respec-
tively (P < 0.01).

Fig. 3  Foliar-P fraction content of sole/mixed Alhagi sparsifolia and Karelinia caspia in different soil-P availability sites. Lowercase letters 
above the bars indicate significant differences in different sampling sites (P < 0.05).
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Soil‑P Fractions

Soil resin-P increased from sites 1 to site 4 across sole and 
Alhagi sparsifolia/Karelinia caspia mixed systems, except 
for the resin-P beneath sole Alhagi sparsifolia at site 4 
(Table S2). However, other soil-P fractions did not show 

regular changes from site 1 to site 4. In addition, the soil 
resin-P of site 1 and site 2 and  NaHCO3-P and NaOH-Pi 
of site 3 and site 4 were significantly higher in the mixed 
system than the sole system at site 1. Moreover, soil active 
Pi (sum of resin-P,  NaHCO3-Pi, NaOH-Pi) was significantly 
higher in the mixed system than sole Alhagi sparsifolia or 

Fig. 4  Allocation proportions of foliar-P fractions of sole/mixed Alhagi sparsifolia and Karelinia caspia in different soil P availability sites. 
Lowercase letters above the bars indicate significant differences in different sampling sites (P < 0.05).
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Karelinia caspia (Table 2). On the contrary, active Po in soil 
(sum of  NaHCO3-Po, NaOH-Po) was lower in the mixed 
system than in Alhagi sparsifolia or Karelinia caspia alone, 
and the highest active Po was at site 1 (Table 2).

Soil Physical and Biological Properties

Soil ALP and β-glucosidase activities showed significant dif-
ferences in site 1, with the lowest soil P availability (Fig. 5). 
Soil ALP activity in the Alhagi sparsifolia/Karelinia caspia 
mixed system increased by 193% and 186% relative to that 
in the sole Alhagi sparsifolia and Karelinia caspia at site 1, 
respectively. At site 1, β-glucosidase activity in soil was 12% 
higher in the mixed system than in the Alhagi sparsifolia 
alone. However, soil MBP in the mixed system was signifi-
cantly higher than sole Alhagi sparsifolia at sites 2, 3, and 4. 
For Karelinia Caspia alone, the mixed system increased the 
concentrations of soil  NH4

+-N and SOM and decreased soil 
EC in sites from 1 to 4 (Fig. 6). On the contrary, the mixed 
system reduced soil  NH4

+-N of sites 3 and 4, SOM of sites 1 
and 2, and EC of sites 1, 3 and 4, but increased soil  NO3

−-N 
from sites 1 to 4 compared to Alhagi sparsifolia alone.

Relationship Between Foliar‑P Fractions, Soil Active 
P, and Physical and Biological Properties

Foliar-P fractions of mixed Alhagi sparsifolia and Karelinia 
caspia were generally more affected by active Pi and active 
Po in soil than in the plantings with either species alone 
(Figs. 7, 8). For instance, the foliar-P fractions of mixed 
Karelinia caspia and Alhagi sparsifolia were significantly 
positively related to the active Pi in soil, and foliar-P frac-
tions of mixed Alhagi sparsifolia were also significantly neg-
atively correlated with active Po in soil (Fig. 7). However, 
only the metabolic-P and residual-P of mixed Karelinia cas-
pia were negatively related to active Po in soil. In addition, 
the foliar-P fractions of sole and mixed Alhagi sparsifolia 
and Karelinia caspia were basically negatively correlated 
with soil enzyme activity and other soil properties. However, 
soil MBP was significantly positively correlated with foliar-
P fractions of sole Karelinia caspia, except for metabolic-P 
fraction.

The SEM analysis further indicated that soil properties 
and enzyme activity were the strongest determinant for the 
foliar-P fractions of Alhagi sparsifolia alone (Fig. 8). Soil 

Table 2  Soil active Pi and Po in different cropping systems at four sites with different soil-P availabilities

Lowercase letters indicate significant differences in same soil active P form between different sites (P < 0.05). Active Pi (sun of resin-P, 
 NaHCO3-Pi, and NaOH-Pi), Active Po (sum of  NaHCO3-Po and NaOH-Po)

Soil P Cropping systems site 1 site 2 site 3 site 4

Active Pi Sole Alhagi sparsifolia 9.20 ± 0.68b 8.47 ± 1.46c 11.37 ± 0.67b 10.09 ± 2.56c

Sole Karelinia caspia 12.75 ± 0.49a 10.89 ± 0.67b 11.13 ± 0.85b 11.84 ± 0.72b

Alhagi sparsifolia/Karelinia caspia mixed 11.87 ± 2.31a 12.13 ± 1.17a 12.28 ± 0.50a 16.24 ± 1.67a

Active Po Sole Alhagi sparsifolia 32.11 ± 3.95a 24.18 ± 4.15b 18.62 ± 2.44a 28.20 ± 3.38b

Sole Karelinia caspia 32.83 ± 6.14a 26.27 ± 5.19a 17.65 ± 2.30b 31.60 ± 2.09a

Alhagi sparsifolia/Karelinia caspia mixed 26.87 ± 1.27b 24.61 ± 1.14b 16.07 ± 2.22c 23.84 ± 2.13c

Fig. 5  Alkaline phosphatase and β-glucosidase activities and soil microbial biomass phosphorus concentration in different cropping systems. 
Lowercase letters above the bars indicate significant differences in different cropping systems in the same sampling site (P < 0.05).
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active Pi, Po, and ALP activity were the three direct fac-
tors that determined the foliar-P fraction of mixed Alhagi 
sparsifolia. However, the foliar-P fractions of sole Kare-
linia caspia were only regulated by soil MBP. Active Pi 
and enzyme activity in soil were the two strongest deter-
minants for the foliar-P fractions of mixed Karelinia cas-
pia. In summary, soil active Pi, soil properties, ALP and 
β-glucosidase activity determined the foliar-P fraction of 
Alhagi sparsifolia and soil active Pi, ALP and MBP deter-
mined the foliar-P fraction of Karelinia caspia.

Discussion

Effects of Plant Coexistence on Leaf P Nutrients 
and Foliar‑P Fractions

In the system of mixed growth of multiple plants, the 
phenomenon that one species of two plants improves, 
restrains, or neutralities the nutrition of the other species 
exhibits a certain universality (Li et al., 2007; Richard-
son et al. 2011). Previous studies have found that the total 

Fig. 6  Soil characteristics of four sites in different cropping systems. Lowercase letters above the bars indicate significant differences in different 
cropping systems in the same sampling site (P < 0.05).
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nutrient uptake of N and P obtained by intercropping cer-
tain species is often higher than the uptake obtained by 
mono-cropping (Li et al. 2007; Liao et al. 2020). Unfortu-
nately, although Alhagi sparsifolia/Karelinia caspia mixed 
improved the leaf total-P and foliar-P fractions contents of 
mixed Karelinia caspia at some sites, the results of mixed 
Alhagi sparsifolia in the present study were not expected. 
Therefore, the mixed Alhagi sparsifolia/Karelinia caspia 
system showed no complementary effect on P nutrients 
in leaf.

The possible reason is that mixed Karelinia caspia 
obtains more P from the root zone of mixed systems than 
mixed Alhagi sparsifolia. Previous research found that the 

root diameter and respiration rate of 1–4 root orders of 
Karelinia caspia were higher than those of Alhagi spar-
sifolia (Liu et al. 2016). The higher activity of fine roots 
may also be the evidence that the Karelinia caspia in Alhagi 
sparsifolia/Karelinia caspia mixed system could out-com-
pete Alhagi sparsifolia for available P in soil. In addition, 
Alhagi sparsifolia, a typical deep-rooted plant, can obtain 
water not only from the soil but also from groundwater 
(Zeng et al. 2013). Therefore, Alhagi sparsifoli/Karelinia 
caspia mixed system could increase the possibility that 
Karelinia caspia would obtain water. Furthermore, the soil 
salinity of mixed system generally decreased compared 
to that of the Karelinia caspia alone (Fig. 6). Due to the 

Fig. 7  The relationship between foliar-P fraction and physical–chemi-
cal properties. Gradient color indicates the size of the Pearson cor-
relation coefficient, ranging from −  1 to 1. Each square represents 
the correlation between the two parameters of transverse and longi-
tudinal. Squares that only reach a significant level are retained. Aster-

isks represent the level of significance. No*, P > 0.05; *, P < 0.05, 
**, P < 0.01, ***, P < 0.001. The Arabic numerals above the asterisk 
refer to the corresponding Pearson correlation coefficient. Pi inor-
ganic P; Po organic P; MBP microbial biomass P; ALP alkaline phos-
phatase; TP total P; TN total N; SOM soil organic matter.
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adverse effect of salinity on soil P availability and plant roots 
on P absorption, the reduced soil salinity concentration rela-
tive to the case of Karelinia caspia alone may enable mixed 
Karelinia caspia to uptake P nutrients to a greater degree 
(Gong et al. 2017).

Legumes generally exhibit higher P content because 
legumes roots can obtain more soil available P by secreting 
P-mobilizing substances to the rhizosphere (Dissanayaka 
et al. 2015). Those available P in the legume rhizosphere 
is likely to be obtained by another non-legume in a mixed 
growth system (Li et al. 2007). The results of this study 
also support this view because the mixed system signifi-
cantly decreased soil  NH4

+-N and resin-P concentration 
relative to the values found for Alhagi sparsifolia alone, 

but it also increased soil ALP and β-glucosidase activi-
ties. Mixed Karelinia caspia could compete for N and P 
available in the rhizosphere with mixed Alhagi sparsifolia, 
resulting in a decreased concentration of N and P available 
in the rhizosphere, promoting N fixation and the secre-
tion of P-mobilizing substances of Alhagi sparsifolia and 
finally inducing the mixed system to obtain more P (Liao 
et al. 2020). In addition, because legumes have a more 
rapid litter decomposition rate, the SOM concentration 
increased when Alhagi sparsifolia and Karelinia caspia 
coexisted (Hassan et al. 2012; Liao et al. 2020). Relative 
to sole Karelinia caspia, the higher SOM in the mixed sys-
tem may also be a crucial aspect for promoting improved 

Fig. 8  Direct and indirect 
effects of soil properties, 
enzyme activities, active 
phosphorus, and microbial 
biomass phosphorus on the 
foliar-P fractions. Black solid 
lines indicate positive and sig-
nificant; red solid lines indicate 
negative and significant; dashed 
lines indicate non-significant 
relationships. Multiple-layer 
rectangles indicate the PC1 
from the principal component 
analysis performed for the 
foliar-P fraction, enzyme, and 
soil properties. Standardized 
regression coefficients for each 
path are given, and results for 
goodness-of-fit tests are also 
reported underneath each plot 
(P > 0.05 indicates a good fit).
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growth for mixed Karelinia caspia, and this could lead to 
more available P in soil were removed.

Although there is no complementary effect of leaf P 
nutrients in Alhagi sparsifolia and Karelinia caspia mixed 
system, a fascinating result showed that mixed Alhagi spar-
sifolia allocated more foliar-P to nucleic acid-P, particu-
larly at site 1, which had the lowest P availability, but mixed 
Karelinia caspia allocated more foliar-P to metabolic-P and 
structural-P in the mixed system (Fig. 4). It was speculated 
that the desert species in the coexistence system preferen-
tially allocated P to foliar-P fractions involved in enzyme 
synthesis and the metabolism of active cells, possibly to 
enhance their metabolic capacity and further strengthen 
photosynthetic P-use efficiency to adapt to the extreme P 
barren habitat in the study area (Gao et al. 2022a; Guilherme 
et al. 2018).

Predictors of Foliar‑P Fraction in Plant Coexistence 
Systems

The differentiation of utilization of different chemical forms 
of P sources by plants could be used to reduce the compe-
tition of P in the rhizosphere, resulting in complementa-
rity effects for plant–plant coexistence (Li et al. 2007). In 
this study, SEM analysis presented that soil active Pi and 
enzyme activity were the strongest determining factors for 
the foliar-P fractions of mixed Karelinia caspia, but active 
Pi and active Po in soil were the two direct factors that 
determined the foliar-P fraction of mixed Alhagi sparsifolia 
(Fig. 8). This implied that active Pi in soil remained the 
major P form in plant–plant mixed system, but active Po was 
more closely related to legumes (Hassan et al. 2012; Liao 
et al. 2020). This result is inconsistent with earlier research 
results, which showed that soil resin-P and  NaHCO3-Pi were 
the main plant-available P fractions in Alhagi sparsifolia 
planted alone (Gao et al. 2022a). However, we also note that 
a relationship between foliar-P fractions of mixed Karelinia 
caspia and active Pi in soil was stronger than that between 
mixed Alhagi sparsifolia and soil active Pi. This is probably 
because Alhagi sparsifolia formed arbuscular mycorrhizal, 
which could enhance root access to organic and, in particu-
lar, Pi sources outside the interaction root zone (Koide et al. 
2000).

In the coexistence system between legume and non-legume, 
active Po in soil generally had a higher contribution to the P 
nutrients of legumes than non-legumes (Liao et al. 2020). The 
metabolic-P and residual-P of mixed Karelinia caspia had a 
significant negative correlation to active Po in soil. However, 
active Po in soil was extremely related to the four foliar-P frac-
tions of mixed Alhagi sparsifolia. These results seemingly 
implied that mixed Alhagi sparsifolia was more affected by 
soil active Po than mixed Karelinia caspia. We speculate that 
this may have been attributable to the bio-N fixation of Alhagi 

sparsifolia, which improved available N in soil in the mixed 
system (Fig. 6), which may have urged the mixed Karelinia 
caspia to uptake more active Pi in soil to maintain elemental 
homeostasis (Li et al. 2021). However, the reduced concen-
tration of active Pi in soil stimulated the mineralization of 
organic materials and associated Po (Richardson et al. 2011; 
Vance et al. 2003). Finally, soil active Po was reduced in the 
mixed systems (Table 2). Another better explanation was the 
root nodules of Alhagi sparsifolia could enhance the ability 
to absorb more active Po from soil (Fig. S1), but the active 
Po was reduced in the root zone of the interaction due to Po 
mineralization (Zhang et al. 2018). Finally, the contents of leaf 
total-P, foliar metabolic-P, and structural-P in mixed Alhagi 
sparsifolia were lower than in the mixed Karelinia caspia 
system.

Implications for Vegetation Restoration

The juncture of the Qira oasis and the Taklimakan desert 
is an extremely fragile desert ecosystem (Zeng et al. 2013). 
Recently, the desertification of the desert ecosystem has been 
aggravated due to global warming and human activities (Ras-
musse et al. 2018). It is an important ecological strategy to use 
the dominant desert vegetation in this region to slow desertifi-
cation (Gao et al. 2022b). Legumes can be planted mixed with 
other plants to improve the nutrient status (e.g. of N and P) in 
nutrient-poor ecosystem soils due to legumes’ bio-N fixation 
ability (Li et al. 2007; Liao et al. 2020). However, our results 
show that the mixed planting of the desert legume Alhagi 
sparsifolia and non-legume Karelinia caspia may not be a 
good choice for vegetation restoration. Specifically, although 
the mixed system with Alhagi sparsifolia and Karelinia cas-
pia increased the leaf P status of mixed Karelinia caspia, this 
study did not obtain key evidence on the improvement of P 
nutrients in mixed Alhagi sparsifolia plantings. That is, the 
mixed system of Alhagi sparsifolia and Karelinia caspia was 
not complementary regarding P nutrients to the mixed Alhagi 
sparsifolia system. In addition, our study also found that the 
mixed system significantly reduced the leaf biomass of Alhagi 
sparsifolia. Therefore, we suggest that the mixed planting of 
Alhagi sparsifolia and Karelinia caspia should be avoided in 
the process of the restoration of vegetation, and other possible 
mechanisms of promoting mixed growth for these two species 
in the natural ecosystem should be considered. This is crucial 
for biodiversity protection, vegetation restoration, and land 
degradation prevention of fragile desert ecosystems.

Conclusions

When Alhagi sparsifolia and Karelinia caspia coexist, the 
roots of the two plants compete for active Pi in soil. Unlike 
the case of sole growth, mixed Karelinia caspia plantings 
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have a better soil nutrient environment, so the mixed Kare-
linia caspia can obtain more soil active Pi than mixed Alhagi 
sparsifolia. The deprivation of soil active Pi would further 
accelerate the mineralization of active Po in soil that can be 
used by Alhagi sparsifolia in the soil. In addition, facing the 
competition of active P in soil, Alhagi sparsifolia allocated 
leaf P to nucleic acid P fraction involved in enzyme syn-
thesis, to promote the efficient utilization of leaf P. There-
fore, we conclude that in a mixed system, reducing the P 
requirement and the flexible allocation of foliar-P fractions 
of Alhagi sparsifolia may be the only reliable strategy for 
it to survive in the competitive environment of limited P 
resources. Furthermore, mixed Alhagi sparsifolia, which has 
better access to active Po, may be another, wise strategy to 
reply the competition of active Pi in the mixed system.
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