Spatial patterns of leaf δ13C and δ15N of aquatic macrophytes in the arid zone of northwestern China
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Abstract

The analysis of stable isotope composition is an important tool in research on plant physiological ecology. However, large-scale patterns of leaf stable isotopes for aquatic macrophytes have received considerably less attention. In this study, we examined the spatial pattern of the leaf δ13C and δ15N of macrophytes collected across the arid zone of northwestern China and tried to illustrate how they were affected by different  environmental factors. Our results showed that the mean values of leaf δ13C and δ15N in the macrophytes sampled from the arid zone were -24.49‰ and 6.82‰, respectively, which were drastically higher than the values of terrestrial plants. In addition, leaf δ13C varied significantly among different life forms, possibly reflecting the complex photosynthetic fixation and adaptations of macrophytes. In addition to, our studies indicated that the foliar δ13C values of all the aquatic macrophytes were only negatively associated with precipitation, but the foliar δ15N values were mainly associated with temperature, precipitation and potential evapotranspiration. Therefore, we speculated that the determinant of the leaf δ13C of macrophytes in the arid zone of northwestern China is water factors and the leaf δ15N values is the complex combination of water and energy factors.
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INTRODUCTION
Stable isotopes in plants, which can serve as valuable nonradioactive tracers and nondestructive integrators indicating how plants have interacted with and responded to their abiotic and biotic environments, have been widely applied in geographical and ecological studies in recent years (Flanagan & Ehleringer, 1998; Zhang et al., 2003; Wang et al., 2013). The studies on stable isotopes in plants can not only distinguish between different stable isotope patterns and better determine the relationship between those patterns and environmental variables (Tieszen, 1991; Garten, et al., 1998; Wang et al., 2010; Cernusak et al., 2013), but also help to reveal long-term biogeochemical processes (Koba et al., 2003; Leng, 2004; Evans & Von Caemmerer; 2013).

The use of stable isotope techniques in plant ecological research has grown steadily over the past two decades (Körner et al., 1988; Lajtha & Getz, 1993; Dawson et al., 2002; Ma et al., 2005; Li et al., 2007). Many studies have demonstrated that leaf stable isotope signatures significantly correlate with altitude, latitude and longitude (Kelly & Woodward, 1995; Zhang & Marshall, 1995; Friend et al., 1989; Hultine & Marshall, 2000; Yi et al., 2006). For example, some studies showed that there a significant decreasing trend of leaf carbon isotope ratio (δ13C) values of conifers with the increasing altitude in the north-central Rockies (Hultine and Marshall, 2000) and in Nagarjun hills of Nepal (Sah & Brumme, 2003), whereas other studies suggested that leaf δ13C values of C3 plant species in the Loess Plateau of China and foliage nitrogen isotope ratio (δ15N) of pine forest in Nagarjun hills of Nepal decreased with increasing altitude (Sah & Brumme, 2003; Zheng & Shangguan, 2007). These inconsistencies suggest that many crucial research questions on leaf stable isotope patterns and determinants remain unanswered. Moreover, most studies of plant leaf δ13C and δ15N values have focused on terrestrial ecosystems, and considerably less attention has been devoted to freshwater systems. To our knowledge, few studies have attempted to document the large-scale patterns of foliar stable isotope composition, despite aquatic higher plants being long-recognized as suitable models for the study of physiological variation (Lynn & Waldren, 2001; Greulich et al., 2001) due to their wide distribution and limited genetic variation (Santamaría et al., 2003). Recently, a few studies have examined regional geographical patterns of leaf δ13C values of freshwater macrophytes and indicated that the δ13C values displayed a linear increase in altitudinal direction (Li et al., 2015), however, these studies were conducted on a single species and did not consider all macrophytes. Thus, further research is needed to understand the geographical pattern and determinants of leaf δ13C and δ15N of aquatic macrophytes.

Leaf δ13C and δ15N values are sensitive to environmental factors, such as precipitation, temperature, humidity, nutrient, atmospheric pressure, and atmospheric CO2 concentration (Brooks et al., 1997; Anderson et al., 2000; Leng, 2004; Liu & Wang, 2009). Some studies have shown that leaf δ13C of eucalypts in south-eastern Australia and δ15N value of mixed plant communities in African savanna ecosystems are strongly negatively correlated with mean annual precipitation (Anderson et al. 2000; Wang et al., 2010). However, other study showed opposite results and indicated that leaf δ13C of main woody plants on the Gongga Mountain have a significant positive correlation with precipitation (Xie et al., 2014). Moreover, leaf stable nitrogen isotope composition of plants from an African savanna were found to be lower under drought conditions than those under wet conditions (Codron et al., 2005). Similarly, the effects of temperature on plant isotopes also differ: some are positive (Morecroft et al., 1992; Kohls et al., 1994; Loader et al., 1995) and others are negative, because low temperatures not only could weaken the photosynthetic enzymatic reactions which can result in increased ci/ca and decreased leaf δ13C values (Körner et al., 1991; Arens et al., 2000), but also could reduce the stomal conductance and intercellular CO2 concentration which resulting in higher δ13C values (Körner & Diemer, 1987; Panek & Waring, 1995; Liu & Wang, 2009). For leaf δ15N, a large number of studies have proved that the correlation of leaf δ15N with annual precipitation differed across different types of ecosystems, very positive δ15N values are often reported from arid sites (Lajtha & Schlesinger, 1986; Schulze et al., 1991), while negative values are reported from sites of high rainfall or cold and wet systems outside the mainland tropics (Nadelhoffer et al., 1996). In addition, previous study has indicated that plant life forms can significantly influence the variation in leaf stable isotope composition (Yu et al., 2015). However, most studies on the pattern of plant leaf δ13C and δ15N have focused on terrestrial ecosystems, and considerably less attention has been devoted to freshwater systems. Therefore, there is an urgent need to study leaf patterns in freshwater assemblages at different scales to discover whether they follow the general patterns found in terrestrial organisms. 
In the arid zone of northwestern China, extreme aridity gradients exist over relatively short geographical distances in both the west-east and north-south directions (Feng et al., 1989; Tang et al., 1992). Over such environmental transects, plants encounter a variety of microclimates, differing in temperature, soil moisture and vapor pressure gradients, each of which may influence the variation in leaf δ13C and δ15N. In this study, we examined the geographical pattern of leaf δ13C and δ15N values of macrophytes across the arid zone of northwestern China. We aimed to (1) describe the patterns of leaf δ13C and δ15N of the aquatic macrophytes along a large environmental gradient and (2) assess the effect of geographical and climatic factors on leaf δ13C and δ15N patterns of the aquatic macrophytes in the arid zone of northwestern China. We hypothesized that the main determinants of the foliar δ13C and δ15N values of aquatic macrophytes in the arid zone of northwestern China were these factors which can influence water quantity and water availability because there are clear geographical and environmental such as gradients of water quantity and water availability, and macrophytes can adapt well to complex aquatic environments. 
MATERRIALS AND METHODS
Study area

The arid zone (35°-49°N, 73°-106°E) is a land-locked region located in northwestern China (Figure 1) and is surrounded by the Qinghai-Tibet Plateau and many high mountains. The climate is generally water-limited, and steppe biomes are prevalent. The annual rainfall in the arid zone is less than 250 mm, with certain areas receiving less than 100 mm annually, but the annual evaporative capability is above 2000 mm. The mean annual temperature is 2-6℃, with a maximum monthly mean temperature above 28℃, a minimum monthly mean temperature below -16℃, and a daily temperature that fluctuates significantly (Feng et al., 1989).
Sampling and measurements

The aquatic macrophyte collections were conducted in the arid zone from July to October 2011. The sampling sites in this study covered almost the entire arid zone of northwestern China, which ranged from 37.77° to 47.91°N, and 75.05° to 90.35°E, and the altitude varied from 313 m to 3535 m above sea level (Figure 1).

In this study, 131 aquatic plant samples from 79 sampling sites across the arid area of northwestern China were collected. This included 71 emergent plants, 20 floating-leaved plants and 40 submerged plants. The plants collected at each site were placed in paper envelopes and dried in the sun. At each sampling site, the latitude, longitude and altitude were recorded using a global positioning system (GPS). Surface sediments where macrophytes grew were collected from the top 0-10 cm layers of undisturbed sediments with a columnar sampling instrument. At each sites, 3 sediments were collected and mixted together, then put into paper envelopes and dried in the sun. The samples of macrophyte and sediment were dried to a constant mass at 60℃ for 72 h in an oven upon returning to the laboratory. All the dried samples of macrophytes and sediments were ground to a fine powder with a mortar in the laboratory. The total C and N contents of macrophyte and sediment were determined with an elemental analyser (NA2500, Carlo Erba Reagenti, Milan, Italy). The total P of macrophytes was measured using a sulfuric acid/hydrogen peroxide digest and the ammonium molybdate ascorbic acid method (Sparks et al., 1996). The stable isotope ratios were expressed in denotation as parts per thousand (m) deviation from the international standards according to the following equations:
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where 15N/14N are the isotopic ratios of the sample and standard (atmospheric nitrogen), and 13C/12C are the isotopic ratios of the sample and PDB (Pee dee Belemnite formation from South Carolina, USA) standard. The average standard deviation of replicate measurements for δ13C and δ15N was 0.3‰.

Environment variables

In this study, mean annual precipitation (MAP), mean annual temperature (MAT), and potential evapotranspiration (PET) were selected to test the effects of water-energy factors on foliar stable isotope composition. The precipitation data were obtained from the Climate Hazards Group database (CHIRPS) at a spatial resolution of 0.05° from http://chg.geog.ucsb.edu. The temperature data were obtained from NOAA Earth System Research Laboratory's Physical Sciences Division (PSD) at a spatial resolution of 0.5° from (https://www.esrl.noaa.gov). PET data were obtained from the MOD16A3 product at a 1-km spatial resolution (<http://files.ntsg.umt.edu/data/NT SG_Products/MOD16/>). MAP from 1981 to 2015, MAT from 2010 to 2014 and mean annual potential evapotranspiration from 2000 to 2014 of each sampling site were extracted from the abovementioned downloaded data using ArcGIS 10.4.1 software with the “Extract values to points” function. MAP, MAT and PET data for each sample site were obtained from the mean value of the mean annual precipitation with a record length of 35 yr, mean annual temperature with a record length of 5 yr and mean annual potential evapotranspiration with a record length of 15 yr.

Data Analysis

SPSS Statistics 19 was used for the statistical analyses. We calculated the mean and standard deviation (SD) of leaf δ13C, δ15N, C%, N% and P% for all species and each life form. Analysis of variance was applied to determine the statistical significance of the differences in the leaf δ13C and δ15N of different life forms (p < 0.05) and test with post hoc contrasts by Student-Newman-Keuls test. Before performing a one-way ANOVA, all the data were tested for normality and homogeneity. Non-normal data were transformed (log10) to obtain normality. Linear regression analyses were used to test the relationships between leaf δ13C and δ15N and C, N, P contents and N:P ratio overall and for different macrophyte life forms. Univariate linear regression analyses were performed to examine the effects of environmental variables on leaf δ13C and δ15N. Additionally, general linear models (GLMs) were applied to test the effects of MAT, MAP, PET, sediment total carbon (STC), sediment total nitrogen (STN) and life forms on foliar δ13C and δ15N.

RESULTS
The leaf δ13C and δ15N values and the relationship between leaf δ13C and δ15N and foliar C, N, and P content

The leaf δ13C and δ15N of the macrophytes collected from the arid zone of northwestern China varied widely. The foliar δ13C values of all the macrophytes ranged from -32.38‰ to -12.55‰, with a mean value of -24.49‰. The mean leaf δ15N was 6.82‰, with a range of -3.41‰ to 17.43‰ (Table 1). Among the different life forms, the submerged plants had the highest leaf δ13C, with a mean value of -20.31‰, and the emergent plants had the lowest leaf δ13C, with a mean value of -26.75‰. For foliar δ15N, the floating-leaved macrophytes had the highest value, with a mean value of 7.65‰ (Table 1). One-way ANOVA showed that there were significant differences in foliar leaf δ13C of the submerged, floating-leaved and emergent plants in the study area (Table 1).

Our results also showed that there were significant differences in foliar leaf C, N, and P content of the collected submerged, floating-leaved and emergent plants. Among the three macrophyte life forms, the floating-leaved plants had higher leaf N% and P% than those of the other two aquatic plant life forms (Table 1).

The linear regression analyses indicated that there were only significant negative correlations between the foliar δ13C and C% of all the macrophytes (y= -0.42x - 7.25, r2=0.11, p<0.001) and foliar δ13C and N% of the emergent plants (y= -0.62x - 28.63, r2=0.11, p<0.001).
Patterns of leaf δ13C and δ15N of aquatic macrophytes across northwestern China

The linear regression indicated that the leaf δ13C of all the macrophytes was negatively associated with longitude but positively associated with altitude, and leaf δ15N of all the macrophytes exhibited positive correlations with longitude, latitude and altitude (Figure 2).

The leaf δ13C of the submerged plants was negatively associated with latitude but positively associated with altitude. The leaf δ13C of the floating leaves was negatively associated with latitude, and the leaf δ15N of the floating leaves was positively associated with latitude (Table 2).

Relationships between the leaf δ13C and δ15N and environmental variables

The results of the general linear models indicated that life form only significantly affected foliar δ13C, not foliar δ15N. Among the three climatic variables tested, only MAP significantly influenced the leaf δ13C of all the species. However, all the tested variables, including MAT, MAP and PET, significantly negatively influenced the leaf δ15N of all the macrophytes (Table 3).

The leaf δ13C values of submerged and floating-leaved macrophytes were negatively associated with MAT and MAP. Additionally, there was a significantly negative relationship between MAT, MAP and PET and foliar δ15N of the submerged plants and emergent plants (Table 3).

Also, our results showed that no statistically significant correlation relationships were found between the leaf δ13C and δ15N value and STC and STN (Table 3).
DISCUSSION
The leaf δ13C and δ15N values of different groups and relationships between leaf stable isotope signatures and C%, N% and P% in the arid zone of northwestern China

In the present study, the mean leaf δ13C value of the aquatic macrophytes in the arid zone of northwestern China was -24.49‰. The foliar δ13C values of the aquatic macrophytes were drastically higher than the δ13C values of terrestrial plants reported by Li et al. (-27.15‰, 2017) from 2538 observations in China and by Kohn et al. (-27.0‰, 2010) from approximately 570 sites on a global scale. However, considering the different life forms, the leaf δ13C values of the emergent macrophytes were almost the same as the δ13C values reported by Li et al. (2017) and by Kohn et al. (2010), and the mean leaf δ13C of the submerged plants was markedly higher than that of the emergent plants and terrestrial plants. This result may be attributable to the unique synchronic organization and carbon assimilation path of macrophytes, which is different from that of terrestrial plants (Pedersen et al., 2013). Different photosynthetic carbon sources may be another main reason for the differences in leaf δ13C values among the three life forms and terrestrial plants (James & Larkum, 1996).  Compared with terrestrial plants and emergent plants using a single form of inorganic carbon (CO2) derived from a large, well-mixed atmospheric reservoir, submerged plant derive inorganic carbon from dissolved inorganic carbon (DIC) which may be comprised mostly of aqueous CO2 at pH < 6.4, HCO3− at pH 6.4 - 10.3, or CO32− at pH > 10.3 (Michener & Lajtha, 2007). Each carbon sources has a distinct δ13C, and previous study has demonstrated that the δ13C value of HCO3- is 7-11‰ higher than that of CO2 (Stephenson et al., 1984). Thus, for foliar δ13C of different life form, it is reasonable that submerged plants have highest value, and follow by floating-leaved plants and emergent plants. Additionally, significant differences in the δ13C values among the three life forms may reflect significant functional changes in the metabolism of macrophytes. The correlation between the foliar δ13C values of the emergent plants and foliar N% suggested that variations in the foliar δ13C values of the emergent plants were likely caused by nutrient-related changes in photosynthetic capacity rather than by stomatal limitation (Ma et al., 2005). 
Our results indicated that the mean content of leaf δ15N was 6.82‰, which is significantly higher than that of herb samples observed in China (Fang et al., 2011; Liu et al., 2018). Previous studies have shown that the nitrogen isotope values of plants are mainly related to the availability of nitrogen and the demand for nitrogen in plants (Evans, 2001; Dawson et al., 2002). The δ15N of aquatic plants is controlled by the type of dissolved inorganic nitrogen utilized, its δ15N value, and the fractionations associated with discrimination against 15N during uptake of N that may vary by plant species and environmental conditions (Michener & Lajtha, 2007). The relatively high mean leaf δ15N values of the aquatic macrophytes may be an adaptation strategy to nitrogen deficiency due to low soil N mineralization and low N availability in arid ecosystems (Geng et al., 2014). Some studies have indicated that when the availability of nitrogen is lower than the nitrogen requirement of plants, δ15N fractionation is inhibited during absorption assimilation, resulting in higher δ15N of aquatic plants (Yu et al., 2015).
Relationships between the leaf δ13C and δ15N and environmental and geographical factors

Environmental factors, such as energy, precipitation, water physicochemical factors and soil nutrients, can signifificantly affect leaf δ13C and δ15N characteristics (Brooks et al., 1997; Anderson et al., 2000; Leng, 2004; Liu & Wang, 2009). Energy factors, including MAT and PET, are important environmental factors and impact leaf stable isotopes by directly affecting stomatal control, physiological processes and CO2 fixation (Smith et al., 1973; Leavitt & Long, 1983; Körner et al., 1991; Martinelli et al., 1999; Warren et al., 2000; Yi & Yang, 2006). Our study showed that MAT had a negative effect on the leaf δ15N of all the aquatic macrophytes, submerged plants and emergent plants, which is in agreement with the results from the Loess Plateau reported by Liu & Wang (2009). One possible explanation for this is that the increased temperature affected and changed physical, biological, and chemical processes, which reduces the concentration of NH3-N and TN in macrophyte habitats (Liu et al., 2016; Cornelia & Valentina, 2016). Similarly, PET displayed strong negative correlations with leaf δ15N in all the aquatic macrophytes, submerged plants and emergent plants, which may be explained by a higher denitrification rate in the arid ecosystem (Peterjohn & Schlesinger, 1991). When the PET increases, the soil ammonia volatilization and denitrification will increase, which eventually leads to an increase in plant δ15N (Lloyd, 1993; Austin & Sala, 1999). Our results also showed that the leaf δ13C of submerged and floating-leaved plants were negatively related to MAT. A possible explanation is that low temperatures could weaken the photosynthetic enzymatic reactions, resulting in increased ci/ca and decreased leaf δ13C values (Arens et al., 2000).
Precipitation is considered to be another crucial factor that influences the leaf stable isotope signature (Swap et al., 2004; Diefendorf et al., 2010; Kohn, 2010; Li et al., 2017). Our findings indicated that MAP presented strong negative correlations with the leaf δ15N of all the aquatic macrophytes submerged plants and emergent plants. Many studies have shown that precipitation affects plant δ15N, which is mainly related to the influence of precipitation on the conversion of the soil organic N pool to the inorganic N pool, and inorganic N loss is due to the volatilization process and the denitrification process directly fractionating 15N (Groffman & Tiedje, 1993; Swap et al., 2004；Craine et al., 2009). Some studies have shown that δ15N of aquatic plants can be affected by anthropogenic pollution (Fry et al., 2000; Cole et al., 2004). Although we didn’t examine the relationships between the leaf δ13C and δ15N and water quality, due to little human pollution and difficult to preserve of water sample at   long periods of field investigation. However, our results suggested that no significant correlations were found between the leaf δ15N value and foliar N content and STN. Thus, we may speculate the leaf δ15N value of macrophyte in the arid zone of of northwestern China were water limited rather than nutrient limited. Consistent with this previous findings that the leaf δ13C values were extremely limited by precipitation (Ma et al., 2005; Zheng and Shangguan, 2007; Li et al., 2015), our results showed that leaf δ13C values of all the aquatic macrophytes, submerged plants and floating-leaved plants are negatively correlated with precipitation. The most plausible explanation is that the effect of precipitation on relative humidity and moisture availability because there are significant differences in water availability for different aquatic habitat due to low precipitation, high evaporation, high pH, salinity and conductivity of water body in the arid zone (Feng et al., 1989). 
Longitude, latitude and altitude do not affect plant stable isotope composition per se, but rather influence related environmental factors. In the arid zone of northwestern China, we found that the leaf δ13C values of all the aquatic macrophytes are associated with altitude and longitude, which are negatively associated with MAP (Figure 2, Table 3). Therefore, we inferred that altitude and longitude affected the foliar δ13C values of the macrophytes mainly by the joint effect of water factors. Additionally, our results showed that latitude, altitude, longitude, MAT, MAP and PET are associated with the foliar δ15N values of all the aquatic macrophytes (Figure 2, Table 3). These results implied that latitude, altitude and longitude can affect the foliar δ15N values of macrophytes through complex combinations of water and energy factors.

CONCLUSION
In this study, we found that the mean leaf δ13C and δ15N values of aquatic macrophytes were drastically higher than those of terrestrial plants and that submerged plants had the highest mean leaf δ13C values among the three life forms. Our results also showed strong relationships between leaf δ13C and longitude and altitude and between leaf δ15N and longitude, latitude and altitude. Consistent with our prediction that water-quantity factors and water-availability relation factors driving foliar δ13C and δ15N values of macrophytes in the study area, our study indicated that the foliar δ13C values mainly associated with MAP, and the foliar δ15N values were mainly associated with MAT, PET and MAP. Obviously, complex environmental factors, such as water quality, CO2 supply and daylight hours, may also be important factors influencing the spatial distribution of the leaf stable isotope composition of aquatic macrophytes. In this study, we only evaluated the effect of geographic factors (longitude, latitude and altitude), climate factors (MAT, PET and MAP), and soil total carbon and nitrogen on leaf δ13C and δ15N values of aquatic macrophytes. A large number of studies have shown that δ15N of aquatic plants are associated with human disturbances of various kinds, such as pollution (Fry et al., 2000; Cole et al., 2004). Thus, further research is needed to investigate the effects of other factors on the leaf stable isotope composition of macrophytes.
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Table 1 Leaf δ13C, δ15N, C%, N% and P% (mean ± SD) overall and of the three macrophyte life forms in the arid zone of northwestern China (significant differences between the means within the rows, as evaluated by LSD at p < 0.05, are indicated by different letters).

	
	Overall
	
	Life form
	

	
	
	Submerged
	Floating-leaved
	Emergent

	n
	131
	40
	20
	71

	δ13C‰
	-24.49 ± 4.30
	-20.31 ± 5.03c
	-24.84 ± 2.48b
	-26.75 ± 1.84a

	δ15N‰
	6.82 ± 3.49
	6.69 ± 2.97b
	7.65 ± 4.77a
	6.66 ± 3.36b

	C%
	40.70 ± 3.30
	38.96 ± 3.33b
	41.43 ± 2.68a
	41.48 ± 3.10a

	N%
	3.18 ± 0.99
	3.23 ± 0.80b
	3.63 ± 1.22a
	3.02 ± 0.99c

	P%
	0.17 ± 0.12
	0.17 ± 0.12b
	0.22 ± 0.19a
	0.15 ± 0.09b


Table 2 shows the relationships between the leaf δ13C and δ15N of all the species and different macrophyte life forms and longitude, latitude and altitude.
	
	
	Slope

	
	Life forms
	Longitude
	Latitude
	Altitude

	δ13C
	Submerged
	ns
	 -0.79**
	0.003*

	
	Floating-leaved
	ns
	 -0.41*
	ns

	
	Emergent
	ns
	ns
	ns

	δ15N
	Submerged
	ns
	ns
	ns

	
	Floating-leaved
	ns
	 0.73*
	ns

	
	Emergent
	ns
	ns
	ns


**: p < 0.01, *: p < 0.05, ns: p > 0.05.
Table 3 Summary statistics of the general linear models, which show the effects of MAT, MAP, PET, STC, STN and life forms on leaf δ13C and δ15N of all the species and the three different macrophyte life forms.

	
	Variables
	d.f.
	δ13C
	 δ15N
	

	
	
	
	B
	B

	All species
	MAT
	1
	-0.28
	-0.77***

	
	MAP
	1
	-0.03*
	-0.05***

	
	PET
	1
	3.03×10-5
	-5.08×10-5***

	
	STC
	1
	-0.02
	0.03

	
	STN
	1
	0.12
	0.19

	
	Life forms
	2
	-2.44***
	-0.12

	
	
	
	
	

	
	MAT
	1
	-1.24*
	-0.86**

	
	MAP
	1
	-0.09*
	-0.06**

	Submerged macrophytes
	PET
	1
	5.35×10-5
	-8.13×10-5**

	
	STC
	1
	-0.06
	-0.01

	
	STN
	1
	1.56
	1.03

	
	
	
	
	

	
	MAT
	1
	-0.55***
	-0.77

	
	MAP
	1
	-0.04***
	-0.01

	Floating-leaved macrophytes
	PET
	1
	1.92×10-5
	-4.63×10-5

	
	STC
	1
	-0.02
	0.02

	
	STN
	1
	0.45
	-0.85

	
	
	
	
	

	
	MAT
	1
	0.18
	-0.79***

	
	MAP
	1
	0.01
	-0.06***

	Emergent macrophytes
	PET
	1
	2.35×10-5
	-6.27×10-5*

	
	STC
	1
	-0.01
	0.02

	
	STN
	1
	-0.15
	0.32


***p < 0.001, **p < 0.01, *p < 0.05.
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Figure 1 Map showing the sites at which the aquatic plants were collected and their location in the arid zone of northwestern China.
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Figure 2 The relationships between leaf δ13C and δ15N of all the macrophytes and longitude, latitude and altitude (NS, p > 0.05).
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