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Abstract

:

Hyper-arid regions are expected to undergo climatic change, but only a few research works have so far been conducted on the dynamics of carbon dioxide (CO2) fluxes and their consequent responses to various bioclimatic factors, which is mainly attributable to a limited set of flux observations. In this study, the CO2 fluxes exchanged between the forest and the atmosphere have been measured continuously by the eddy covariance approach from June 2013 to December 2016 in a riparian forest, which is a primary body of natural oases located within the lower reaches of inland rivers in China. The present results revealed that the climatic conditions characterized by relatively high mean air temperatures (Ta) with fluctuating annual precipitation (P) during the prescribed study periods were comparable to the historical mean value. The annual net ecosystem productivity (NEP) ranged from approximately 278 g C m−2 year−1 to 427 g C m−2 year−1, with a mean value of 334 g C m−2 year−1. The mean annual ecosystem respiration (Re) and the gross primary productivity (GPP) were found to be 558 and 892 g C m−2 year−1, respectively. The results also ascertained that the high inter-annual variations in NEP were attributable to Re rather than to GPP, and this result was driven primarily by Ta and the groundwater depth under similar eco-physiological processes. In addition, the CO2 fluxes were also strongly correlated with the soil temperature and photosynthetically active radiation for the present study site. In conclusion, the desert riparian forest is a considerably significant carbon sink, particularly in the hyper-arid regions.
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1. Introduction


Terrestrial ecosystems have been acting as a substantial sink for atmospheric carbon dioxide (CO2), which is evidenced by approximately 2.6 ± 0.8 PgC year−1 of CO2 that have been sequestrated in the last decade (i.e., 2002–2011) [1]. However, climate change projections show that there could be a large uncertainty in terms of the magnitude and the sign of terrestrial carbon storage, which could be associated with the differences in the global and regional models [2,3]. For terrestrial ecosystems, although the mean carbon sink is dominated by highly productive lands (mainly comprised of tropical forests), the trends and inter-annual variability of the carbon sinks are dominated by semi-arid ecosystems whose carbon balance is strongly associated with the circulation-driven variations in both the air/land surface temperatures and precipitation [4,5]. However, we have a limited knowledge on the carbon source/sink intensity and its respective variability in arid ecosystems. In particular, due to the scarcity of precipitation, the groundwater is the main source required to maintain the current structure and functions in hyper-arid regions [6,7,8]. In addition, these ecosystems are highly vulnerable to climate change, e.g., invasive species success [9], therefore an understanding of the extent of carbon sequestration and emissions including the underlying driving forces behind this process is crucial for estimating the overall carbon balance in arid ecosystems. Such knowledge is also likely to contribute to the prediction of carbon balance based on different types of future climate change scenarios.



In addition to the traditional forest inventory-based approaches [10], the eddy covariance method has been widely used to estimate the carbon balance of forest ecosystems [11], in which the net ecosystem exchange of CO2 (NEE) between the vegetation and the atmosphere can thus be measured directly and continuously in the long-term period [12]. Many of those studies have concentrated on the carbon storage variations [11,13], mechanisms [14], disturbances [15,16] and the capacity of forest environments to foster carbon sequestration [10,17], however, most of these studies have been conducted in tropical, temperate and boreal forest environments [10,15,18]. In spite of the hyper-arid regions being expected to undergo climatic change [4,19], only a few research works have so far been conducted on the dynamics of carbon dioxide fluxes and their responses to bioclimatic factors, due to the presence of the limited carbon flux datasets, especially in water-limited ecosystems [20,21]. For example, the study of Zhou et al. [21] has examined seasonal and inter-annual variability of carbon dioxide fluxes and their responses to drought events in a poplar plantation in Northern China. Garcia-Franco et al. [22] investigated the carbon dynamics after an afforestation of semiarid shrub lands, and showed that the carbon sequestration can be increased by applying the suitable afforestation techniques. The study of Smith et al. (2000) demonstrated that the elevated levels of CO2 are likely to increase forest production in the arid region of the southwestern USA [9]. These studies have shown that the forest ecosystems in arid regions are reasonable potential carbon pools and are sensitive to the changes in environmental conditions. However, little attention has been paid to the riparian forests that are dependent on the groundwater in hyper-arid regions, although the riparian cottonwood (Populus fremontii S. Watson) forest in northern California’s Central Valley (310 g C m−2 year−1) [23] and the riparian mesquite woodland along the San Pedro River in southeastern Arizona (233 g C m−2 year−1) [24], USA remain an exception.



Riparian forests represent a primary body of natural oases in the lower reaches of inland rivers in China [25]. For example, the Ejin oasis, which is surrounded by a wide desert and located in the lower Heihe River Basin (HRB), exhibits harsh natural conditions with a dry climate, and the ecosystems in this region are highly vulnerable to climate change [26]. In this hyper-arid region, the Ejin oasis on river sides represents some of the richest desert ecosystems, populated with riparian forest, which is internally controlled and interacts with surrounding deserts [27]. Although the area of the riparian forest in Ejin is not large, there are lot of species of biological importance, and their growth and succession reflect the overall health and stability of the Ejin Oasis [28]. Moreover, the desert riparian forest maintains energy and matter cycles in desert regions [7]. The study of CO2 fluxes and their environmental controls may provide insights into the health and activities of the riparian forest. Survival, growth and development of riparian forests have largely been dependent on the groundwater [6,8]. The overexploitation of water resources in the middle reaches of HRB since the 1960s led to a decrease in the discharge of water to its lower reaches, that was also likely contributing to a consequent decline in the groundwater and a degradation of ecosystems along the riparian habitats [29]. To restore the deteriorated eco-hydrological environment in the lower HRB region, the ecological water conveyance project (EWCP) was established in the year 2000, and the water resources have thus undergone strict artificial controls. As a result of the implementation of this artificial water management system, groundwater levels appear to have increased, and the vegetation has experienced a favorable change [30]. Groundwater, as the only available water source, has been used to meet the demands for domestic water supply and the ecologic-environmental water consumption. Therefore, it is essential to investigate the dynamics of carbon storage under artificial water management in this important region.



Considering the need for examining the characteristics of CO2 fluxes and their environmental controls in a riparian forest within the hyper-arid region of Northwest China, the continuous measurements in CO2 fluxes were carried out using the eddy covariance technique. The purpose of this study was to analyze the capacity, variability and the major environmental controlling factors of carbon dioxide fluxes in the desert riparian forest. This study is expected to broaden our understanding of the response processes and the mechanisms in place for the carbon balance of riparian forests in arid regions to face the further climate change and human activities such as artificial water management controls.




2. Materials and Methods


2.1. Site Description


The present study area is located at the lower reach of HRB region, northwest China. The climate in this region is hyper-arid [31], with the mean annual precipitation (P) being approximately 37.5 mm and the pan evaporation (Ep) being approximately 2240.5 mm according to data collected for the period 1957–2016 from the Ejin Meteorological station provided by China Meteorological Data Sharing Services. The aridity index is less than 0.05 in this region. Mean annual temperature is estimated to be 8.9 °C, with a mean monthly temperature ranging from −11.5 °C in January to 27.0 °C in July. The P shows an obvious seasonal pattern (with approximately 75% of the rainfall falling during June–October period) with significant inter-annual variations (of approximately 7–103 mm for the present study period 1957–2016) (Table S1).



The observation stand is situated at the Qidaoqiao P. euphratica Forest National Natural Refuge (Figure 1, 41°59′ N, 101°10′ E, 920.46 m elevation) [31,32]. The study site contains one of the best-grown riparian forests in the lower HRB region. The riparian forest in the study area is composed of Populus euphratica Oliv. (P. euphratica) and Tamarix ramosissima Ledeb. (T. ramosissima) [32]. The P. euphratica is the dominant plant species with a density of 320 stems ha−1, and contributes approximately 75% of the total basal area in the study region [32]. The characteristics of P. euphratica including tree height (10.1 ± 1.7 m), canopy height (5 m), diameter at breast height (DHB, 22.9 ± 4.8 cm), mean age (40 years) and canopy coverage (52%) were measured in a 100 m × 100 m plot. Moreover, the soils in the P. euphratica stand consist of a sandy loam approximately 2 m deep and which has a saturated volumetric water content of 0.35 m3 m−3 [31]. At the study site, the mean groundwater depth (GWD) was 1.4 m. In order to acquire the data, the eddy covariance instruments were installed at a relatively flat and homogenous ground, and the dominant plants extended for several kilometers in all directions. The site’s roughness length, zero-displacement height and slope were 1.38 m, 7.9 m and 1/5000, respectively. The prevailing wind was from southeast and northwest directions and the measured fluxes originated between 109 and 1520 m from the tower (i.e., peak at 228 m) in the prevailing wind direction. The peak of about 228 m represented the area with the highest carbon dioxide flux contribution in the footprint.




2.2. Eddy Covariance and Meteorological Measurements


Carbon dioxide fluxes were measured from June 2013 to December 2016, using the eddy covariance method. A 22-m-tall steel scaffold flux tower was established in the forest where the terrain was relatively flat with a highly homogenous land cover surface. The instruments included a three-dimensional sonic anemometer (CSAT3, Campbell Scientific, Inc., Logan, UT, USA) used to measure 3 coordinate speeds (u, v, w), and an open-path CO2/H2O infrared gas analyzer (LI-7500, LI-COR Inc., Lincoln, NE, USA) used to measure the water vapor density and carbon dioxide fluctuations, installed at 20 m above the ground. Air temperature (Ta, °C) and relative humidity (RH, %) were also measured at 20 m above the ground surface by air temperature/relative humidity sensors (HMP45C, Campbell Scientific, Logan, UT, USA). The turbulence fluxes and Ta and RH data were recorded by a CR3000 data logger (Campbell) at a 10 Hz sampling frequency, and the 30 min averages were computed.



In addition, the solar radiation components (i.e., upward and downward shortwave radiation and longwave radiation) were measured at 10 m above the ground by a 4-Component Net Radiation Sensor (CNR4, Kipp & Zonen, Delft, The Netherlands), and the net radiation (Rn, W m−2) was calculated as the difference of the net shortwave radiation and the net longwave radiation. One quantum sensor (LI-190SA, Li-COR Inc.) was mounted at an approximately 6 m height above the ground to measure the photosynthetically active radiation (PAR, μ mol·m−2·s−1). Two soil heat flux plates were buried at approximately 5 cm below the soil surface to measure the soil heat flux (G, W m−2). These data were recorded by a CR1000 data logger (Campbell).




2.3. Eddy Covariance Flux Calculations and Data Quality Control


The half-hour NEE (net ecosystem exchange of CO2) amounts were calculated by Eddypro software (LI-COR Inc.) following standard quality control procedures, including despiking, 2D coordinate rotation, time lag removal, frequency response correction using model spectra and transfer functions [33] and air density correction [34]. Additional outliers still existed under the procedure as stated below, thus they needed to be screened and then removed through several steps using the data quality assurance and control (QA/QC) procedures:




	(1)

	
According to the empirical values of the CO2 fluxes and the statistical analyses of data, the scope of the threshold was defined, which ranged from approximately −60 to 60 μ mol m−2 s−1. All data outside of the threshold were removed;




	(2)

	
Because of the complex structures, the eddy covariance instruments are susceptible to instability generated within the circuits, from dust and moisture in the air, precipitation, human operation, etc. Therefore, the spikes in the data appeared occasionally. For this reason, these spikes were filtered using the analysis of variance test [35] and 4 standard deviations were selected;




	(3)

	
Because “photosynthesis” is unlikely to occur during the night, the occasional negative CO2 fluxes during the night were also filtered; and




	(4)

	
A friction velocity (u*) threshold was used to filter the fluxes at night when the atmospheric turbulence was not well developed. The threshold for u* was estimated by the Moving Point Test as described in literature [36]. The flux data were discarded when the corresponding u* value was less than the threshold value.










2.4. Data Gaps Filling and NEE Partitioning


The filtered NEE and meteorological data gaps were filled with appropriate methods considering the co-variation of the fluxes with meteorological variables and the temporal auto-correlation of the fluxes [37], according to the online procedure (https://www.bgcjena.mpg.de/bgi/index.php/Services/REddyProcWebMethod). Following this, the mean diurnal method (MDM) was applied to fill residual gaps found in the dataset.



Since only the NEE can be measured directly by the eddy covariance method, it was partitioned using the same online procedure to gain gross primary production (GPP) and ecosystem respiration (Re), in accordance with Equation (1) [37]. First, an activation energy parameter (E0) was estimated for the yearly dataset. Next, the reference temperature (Rref) was estimated with a seven-day sliding window in steps of four days. If Rref was not found in some sub-periods, its value was linearly interpolated. Third, the NEE was partitioned into GPP and Re using the estimated values of E0 and Rref. Only the nighttime original data after QA/QC were used in the estimation of E0, and the other datasets (i.e., the gap-filled data) were used in the partitioning of NEE:


   Re =  R  ref    e   E 0       (  1   T  ref   −  T 0    −  1   T a  −  T 0    )     



(1)




where the Rref was the respiration rate at reference temperature (Tref, 15 °C), E0 was a free parameter, which essentially determined the temperature sensitivity and T0 was kept constant at −46.02 °C [37]. To compare the magnitude of carbon dioxide flux components, the NEE was represented by net ecosystem production (NEP = −NEE), and together with GPP and Re were given as positive values at monthly and yearly time-scales, and which were also used to determine the relationship with meteorological factors at different time-scales.




2.5. Groundwater Depth and Soil Moisture and Salt Measurement


Within the present study site, a well located at a distance of 30 m away from the EC tower and 100 m from one tributary was drilled to about 6 m depth; while an automatic pressure transducer (HOBO-U20, Onset Computer Corporation, Bourne, MA, USA) was installed in order to monitor the changes in the submerged pressure (Psub, kPa) at 0.5 h intervals. The recorded atmospheric pressure (Pa, kPa) from the EC tower was subtracted from Psub in order to obtain the pressure that was exerted only by the water column above the sensors. Water head data were then converted to the groundwater depth (GWD, m), using the measured distance between sensors and the ground surface at the observation well. The ground water depth (GWD) refers to the distance from the underground water to the surface, and the values can be positive according to other researchers [38]. The larger the value is, the deeper the groundwater is.



In 2015 and 2016, the soil moisture/salts/temperature sensors (SMEC 300, Spectrum Technologies, Inc., Aurora, IL, USA) were installed at 10, 30, 50 and 80 cm depths in six positions (i.e., in two directions, north and west, and three distances of 50, 150 cm and 250 cm from the selected trees) in order to obtain the soil volumetric moisture content (θ, %) and the electrical conductivity (EC, mS cm−1). These were used to reflect the soil moisture and salt regime in the stand, respectively. The mean values of the different directions and distances were used to analyze the temporal variations in θ and EC of the stand.




2.6. Data Analysis


The daytime and nighttime periods were separated according to the global radiation threshold of 20 W m−2 [37]. The half-hour CO2 fluxes were integrated to their respective daily, monthly and annual periods using Microsoft Excel 2007 Software and MATLAB software. For the meteorological factors, the monthly mean values of Ta, RH, Ep and GWD, and the mean annual Ta and total annual P, were calculated in the period 2013–2016 and as historical averages (1957–2016). The meteorological data were recorded by the Ejin weather station and provided by China Meteorological Data Sharing Services. Daily mean soil temperature (Ts), VPD, PAR and GWD were also used to determine the major controlling factors of the carbon fluxes, i.e., NEE, GPP and Re, using appropriate correlation analysis. The Spearman correlations were calculated by SPSS Statistics software package V.16 (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Weather Conditions


The differences between average Ta and P for the period 2013–2016 and the historical averages have been analyzed in Figure 2. The climatic conditions during the study period were characterized by the high average Ta, with the fluctuant annual P component (Figure 2). Annual mean Ta values for the period 2013–2016 were all above the mean annual level (1957–2016) whereas the annual P levels were near the historical average (37.5 mm) in 2013 (34.2 mm), above the historical average in 2015 (70.1 mm) and 2016 (52.1 mm) and below the historical average in 2014 (17.2 mm).



In this study, we have also characterized the climatic conditions for the period 2013–2016 and thus analyzed the discrepancies between the respective study-year values with the historical means representing the environmental factors (Figure 3). The annual mean Ta values were 10.62, 10.47, 10.59 and 10.46 in 2013–2016, respectively. Moreover, the mean values of Ta during these four growing seasons were 21.45, 21.30, 20.98 and 21.46 °C, respectively (Table 1). The average GWD in the stand was 1.4 m for 2014–2016 and the variations in GWD mainly depended on the amount and the time of the water conveyance activities. Generally, the arrival time of water allocations was concentrated around the months of September and October and the values of GWD decreased rapidly following the entry of water and then increased gradually until the next water allocation.



Mean monthly GWD values for the period May to October 2015 were found to be greater than those in 2014 and 2016. The mean monthly RH values ranged between 13% and 52% for the period 2013–2016, with a relatively lower value in April and May. In terms of RH, the values were similar from July to October ranging from 27% to 37%. In addition, the annual Ep registered the values of 1997, 2062, 2090 and 2087 mm, respectively, while the monthly maximum for each year was found to be about 289.4 mm (July), 293.2 mm (July), 303.9 mm (August) and 285.4 mm (July) in 2013–2016, respectively. Compared to historical mean values, the monthly Ep values were lower in the period of May-October, owing to the lower wind speed values as described in other studies (e.g., [39]), except for the month of October 2014.



In contrast to the meteorological variables measured in this paper, the soil hydrological regime was greatly affected by the flood irrigation, as revealed in Figure 4. Daily θ values registered similar patterns to the GWD data, exhibiting a decrease with an increase in GWD over the passage of time during the growing season, which in fact, showed a sudden increase after the flood irrigation. In the vertical profile, the values of θ exhibited an increase with increasing depths (Figure 4a), while the electrical conductivity (EC, mS cm−1) varied in agreement with θ data, which also appeared to be disturbed by flood events. However, the highest values of EC were observed at the 50 cm depths for most of the measurement period, as shown in Figure 4b. The mean value of EC acquired at different depths for the 2015 period (i.e., 0.46 mS cm−1) was significantly lower than those for the 2016 period (i.e., 0.86 mS cm−1; p < 0.001).




3.2. Multi-Scale Temporal Variations of Carbon Fluxes


3.2.1. Daily Time Scale


The inter-annual and seasonal variations in daily carbon dioxide fluxes (i.e., NEE, GPP, Re) in the P. euphratica stand are shown in Figure 5. In this figure, the seasonal pattern of GPP was found to exhibit a similar pattern for the period 2013–2016. The NEE appeared to increase rapidly with the sprout of trees since early May, and then, it fluctuated following the variation in temperature and the available water resources during the months from June to August, and declined after the onset of the leaf senescence period (i.e., September). There is no obvious variation in CO2 fluxes during the non-growing season. In addition, the GPP and Re showed the same tendency of variation for the period 2013–2016. The daily mean NEE ranged from −4.55 to 0.79, −4.07 to 1.35, −5.74 to 3.36 and −3.52 to 1.14 g C m−2 d−1 g C m−2 d−1 during the growing season in 2013–2016, respectively.



The daily maximum GPP values were found to be −5.97 (1 July), −6.81 (14 June), −7.82 (26 June) and −9.08 (16 July) g C m−2 d−1 in 2013–2016, respectively, while the daily Re showed seasonal peaks of 2.78 (23 July), 3.52 (17 July), 3.68 (27 June) and 5.85 (16 July) g C m−2 d−1 in 2013–2016, respectively. Accordingly, the maximum NEE were found to be relatively higher in 2015 than the other three years. In fact, higher Re values were found in 2016 compared to other three years, and coincided with higher values of GPP. The mean values of maximum NEE, GPP and Re in 2013–2016 were −4.47, −7.42 and 3.96 g C m−2 day−1, respectively. On the other hand, the length of the C uptake period was similar during the growing season across the four years, and the number of C sink days were approximately 153, 167 and 158 days for the period 2014–2016, respectively.




3.2.2. Monthly Time Scale


The monthly carbon balance components (i.e., NEP, GPP, and Re) were varied among the four years (Figure 6). During the growing season of 2013–2016, the monthly mean NEP value was 43.91 g C m−2 month−1, with the maximum of 70.52 g C m−2 month−1 in July and a minimum of 1.27 g C m−2 month−1 in October. In October, the forests acted as a carbon source in 2014 (NEP was equal to −13.17 g C m−2 month−1), and as a carbon sink in 2015 (i.e., NEP was equal to 11.38 g C m−2 month−1) and in 2016 (i.e., NEP was equal to 6.21 g C m−2 month−1), and remained a neutral in 2013 (i.e., NEP was equal to 0.67 g C m−2 month−1). During the non-growing season, the monthly mean NEP was 13.58 g C m−2 month−1 for the period 2013–2016. In addition, the monthly variation of GPP was slightly different, with the maximum occurring in July for the previous 3 years of 2013–2015, but an obvious single peak was found in June 2016. During the growing season, monthly Re values were obviously higher in the period 2016 compared to the prior 3 years, and peaked in July for previous two years, 2013–2014, but in June in the last two years, 2015–2016. Otherwise, the monthly Re and GPP were similar during the winter in 2013–2016. The maximum GPP values for 2013–2016 were 151.86, 153.38, 169.35 and 196.29 g C m−2 month−1, respectively. The maximum Re values were 70.01, 93.45, 76.64 and 138.77g C m−2 month−1 in 2013–2016, respectively.




3.2.3. Annual Time Scale


In the foregoing results, it was evident that the P. euphratica forest acted as an important carbon sink at the monthly time-scale, except in October 2014. The annual sums of NEP, GPP and Re values were 334, 892 and 558 g C m−2 year−1, respectively. In fact, the annual NEP was highest according with the deepest GWD in 2015, while the annual NEP was relatively lower in 2014 and 2016, perhaps resulting from a higher value of Re. The ratios of GPP to Re were found to be 1.6, 2.1 and 1.4 in the period 2014–2016, respectively. Apparently, the lower Re and higher GPP/Re values were associated with the deepest GWD and the annual GPP was highest in the year 2016 with the shallowest GWD (Table 1).





3.3. Climatic Controls on Carbon Fluxes


During the growing season, the daily NEP and GPP values were significantly correlated with the Ta, VPD, PAR, GWD and Ep, while Re were significantly correlated with Ta and VPD, but not PAR (Table 2). Here, the values for Ep, the integrated product of meteorological factors, were significantly positively related to NEP, GPP and Re. In fact, GWD exhibited a strong relationship with NEP and GPP, but not with Re, which indicates that the groundwater may be a major factor that might influence the growth of the riparian forest in the hyper-arid regions.



3.3.1. Ts vs. Re


At nighttime, the ecosystem’s respiration rate (denoted as Renight) could originate from the night-time NEE [40] owing to the inexistence of photosynthetic activities. Figure 7 shows the relationship between the raw half-hourly Renight after the quality control (Section 2.3) and the soil temperature (Ts), in which the Renight values appear to increase exponentially with an increase in Ts over the entire measured range. Notably, the relationship was similar for all three years of study and the respiration rate at 10 °C was found to be 1.69, 1.15, and 1.91 μ mol m−2 s−1 in 2014–2016, respectively. Notably, the values of Q10 were 1.86, 1.88 and 1.57 in 2014–2016, respectively.




3.3.2. PAR vs. GPP


We employed a simple, rectangular hyperbolae (Michaelis-Menten) model [41] to analyze the relationship between daily PAR and GPP by each month, whereas the data points of GPP were averaged in 50 μ mol m−2 s−1 PAR bins. This relationship was described by the equation:


   GPP   =      A  max   × PAR   K + PAR   +  R d    



(2)




where GPP is the gross primary production, PAR is photosynthetically active radiation, Amax is a maximum rate of photosynthesis, K is the Michaelis-Menten constant, and Rd is a respiratory term. The coefficient of variation (R2) values were very high during May to September, ranging from 0.84 to 0.95.



From the period May to August, GPP increased linearly with an increase in PAR at the beginning of the period and then, it stabilized gradually when the PAR values reached around 800 μ mol m−2 s−1 for the month of May and around 1000–1200 μ mol m−2 s−1 for the months of June–August. Then the GPP showed a low and quick increase with PAR, and the maximum GPP was found to be approximately 8.5 μ mol m−2 s−1 in May. In the period of September and October, the maximum GPP values were found to be approximately 12 μ mol m−2 s−1 and 5 μ mol m−2 s−1, respectively. It is evident that the saturating response of GPP to PAR was different between the leaf emergence (in May), the vibrant growing period (from June to August, that was similar among those months) and leaf senescence period (from September to October) (Figure 8).






4. Discussion


4.1. CO2 Fluxes in the Riparian Forest


Riparian vegetation is an integral component of riparian zones (such as studied in this paper), thus it is vital to maintain a number of key environmental services in these important zones [42]. With potential access to groundwater, the riparian ecosystems maintain a higher level of biodiversity and productivity compared to the surrounding desert environment [23,24]. However, there have been only a few studies that have focused on the carbon sink of riparian forests and their environmental control mechanisms. The riparian forest in this study was found to be an important carbon sink, with an average NEP of 334 g C m−2 year−1. This value is comparable with the riparian cottonwood (Populus fremontii S. Watson) forest found in northern California’s Central Valley (i.e., 310 g C m−2 year−1) [23] and the riparian mesquite woodland situated along the San Pedro River in southeastern Arizona (i.e., 233 g C m−2 year−1) [24], USA. By contrast, the Poplar (i.e., Populus sp.) plantations in northern China with the GWD value of up to 15 m was a strong carbon sink [21], in which the NEP (720 g C m−2 year−1) was remarkably higher than that of the riparian forest [23,24] mentioned above and in this study. The productivity of riparian forest was primarily controlled by the presence of groundwater [23,24], as discussed in greater detail in the next section.




4.2. Controls on the Carbon Fluxes of Riparian Forest


Ecosystem NPP is widely known to be controlled by meteorological and hydrological regimes. Given the similar meteorological variables except precipitation (Table 1), we suggest the temporal pattern of CO2 fluxes of the riparian forest was mainly controlled by the soil hydrological regime including precipitation and groundwater. Liu et al. [43] showed that the aboveground NPP of riparian and desert vegetation in the middle HRB was strongly associated with annual precipitation. However, we found that the annual precipitation was not related to the CO2 fluxes of riparian forest due to the paucity of rainfall in the hyper-arid region within the lower HRB. Since it was demonstrated that the higher P (i.e., 52.1 mm, 2016) corresponded to the lowest NEP (278 g C m−2 year−1), and conversely, the lowest P (17.3 mm, 2014) corresponded to the second lower NEP (297 g C m−2 year−1) (Table 1), this data may suggest that the annual precipitation could not be used to explain the year-to-year variations in CO2 fluxes.



In search for plausible explanations, one could consider that for a single rainfall event, the maximum precipitation at the site is likely to be less than 9 mm, and therefore, the water cannot reach the soil layer of 60 cm, where is the primarily distributed range of fine roots of the dominant forests [44]. And some larger diameter roots are likely to be distributed below the groundwater depth level in this study site [44]. Deep rooting can thus reach the groundwater and thus redistribute such waters into the upper soil profile, enabling the tree to utilize both water sources [8,44], so that the riparian forest can grow continuously under hyper-arid climates. In fact, some studies have shown that the annual precipitation could not explain the inter-annual variations of CO2 fluxes in arid ecosystems [45,46], which has also been confirmed by the present study.



In the present study area, the soil textures were generally coarse, and the salt content was high and concentrated on the surface (Figure 4). In this regard, the salinization issues are considerably serious. In addition, the salinity of the groundwater was high, and this varied from about 800 to 3000 mg L−1 [47]. After decades of ecological water conveyance in this study region, the groundwater depth has become quite shallow and exhibits significant fluctuations, resulting in the accumulation of salts in the ground water and the surface soils [48]. The groundwater and salinity can both synthetically affect the growth of the desert riparian forests. Indeed, the study of Wang et al. [48] indicated that the accumulation of salinity is likely to offset the vegetation restoration process that could happen due to alleviated water stress, through the increase in the salt stress to plants.



In this study, the groundwater depth fluctuated from 0.28 to 2.42 m within the three years of the observation period. In fact, the values were well above the rational depth (i.e., 3.5–4.5 m) for the growth of P. euphratica [49] and the critical depth of ground water which was greater than 5 m. During the growing season, evapotranspiration is normally intensive due to the extremely dry climate, thus the changes in groundwater depth are likely to directly affect the accumulation of surface salinity that could eventually lead to the disturbance of the growth and development of the riparian forest. This is because the shallower is the groundwater depth, the greater is the evapotranspiration and the more serious is the soil salinization.



In this part, we analyzed the inter-annual differences in net ecosystem productivity (NEP) at different growing stages (at monthly scale) according to Figure 3 and Figure 6, and discussed possible reasons causing these differences. We suggested that the salinity of soil may be one of the significant factors influencing the growth of the riparian forest. From Figure 3 and Figure 6, we can directly and apparently obtain the following results: (1) Lower NEP values were accompanied by deeper GWD at the early phase of the growing season (i.e., May and June). More specifically, lower NEP and deeper groundwater values were found in May and June of 2015 compared to those in 2014 and 2016. Two plausible reasons for this result were as follows: firstly, the benefits of an increase in available water are expected to weaken the detrimental impacts of the accumulation of salinity in the forests at the early growing stage; secondly, less salinity accumulation occurred in this stage because of relatively small evapotranspiration. (2) The shallower groundwater depth corresponded to lower NEP in the vibrant growing season (i.e., July and August). These results could also be shown from Figure 9. As such, the NEP values in July and August 2015 were higher compared to those in 2014 and 2016. The soil capillary water can be more active with the higher Ta and the strongest evapotranspiration, such that, the shallower is the GWD, the greater is the accumulation of salinity in the soils (Figure 4). (3) In the late growing season, the groundwater depth in 2015 (i.e., 2 m) was deeper than that in 2014 (i.e., 0.6 m) and 2016 (i.e., 0.4 m). Therefore, the differences caused by temperature could be ignored. As a result, the NEP in September and October of 2015 was found to be much higher than that in 2014 and 2016. Consequently, the growth of the riparian forests is expected to be affected by the salinity in two main aspects [50,51,52]: Firstly, increased soluble salt ions in the soils can lead to a higher osmotic pressure, and a reduction in the soil water availability, which could inhibit the trees’ growth. Secondly, the salt ions that enter into the plant and then accumulate with the loss of water likely reduce the physiological metabolism in the plant. In conclusion, the inter-annual variations in NEP were pronounced, and may be driven by temperature and groundwater depth under similar eco-physiological process.





5. Conclusions


The study has demonstrated that P. euphratica forest is a considerable carbon sink in hyper-arid regions, with an average NEP of 334 g C m−2 year−1, which is comparable to levels of other riparian forests. The seasonal and inter-annual variations in NEP were mostly driven by temperature and groundwater depth under similar eco-physiological processes, which were significantly correlated with the Ta, PAR, VPD and Ep. Moreover, the inter-annual variation wherein annual NEP was lower due to higher temperatures and shallower groundwater depth in 2014 and 2016, was likely to be controlled by groundwater, since there were similar meteorological variables among the years. Finally, we demonstrated that accumulation of salinity was likely to occur with higher temperatures and shallower groundwater depths, thus affecting the growth of the desert riparian forest.
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The following are available online at www.mdpi.com/1999-4907/8/10/379/s1, Table S1: Monthly change of climatic variables included the mean (Tmean, °C), maximum (Tmax, °C), minimum (Tmin, °C) of air temperature, precipitation (P, mm), relative humidity (RH, %), sunshine duration (Sd, hours), wind speed (U, m s−1) and pan evaporation (Ep, mm) at Ejin station during the past 60 years (1957–2016).
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Figure 1. The schematic diagram of the Heihe River Basin (HRB), selected Populus euphratica stand and Ejin Meteorological Station, northwest China. 
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Figure 2. A matrix of annual mean (±S.D., vertical bars) air temperature (Ta) and the annual precipitation (P) for the study period 2013–2016 at the lower reach of Heihe River Basin. The vertical and horizontal lines are the mean annual Ta and P (1957–2016), respectively. 
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Figure 3. Seasonal patterns of groundwater depth (GWD), air temperature (Ta), relative humidity (RH) and pan evaporation (Ep) data at the study site. The solid lines indicate the monthly mean values for the period 1957–2016. 
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Figure 4. Seasonal variations of the daily: (a) soil moisture content (θ, %), and (b) electrical conductivity (EC, mS cm−1) for P. euphratica stand for the period 2015–2016. 
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Figure 5. Seasonal and inter-annual variations of net ecosystem exchange (NEE), gross primary production (GPP) and ecosystem respiration (Re) in 2013–2016 at the study site. Solid lines represent the variations of daily carbon fluxes, and dots represent the ten-day means. 
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Figure 6. Monthly totals of C balance components: (a) net ecosystem productivity (NEP), (b) gross primary production (GPP), and (c) ecosystem respiration (Re) at the study site. The solid lines indicate mean values of NEP, GPP and Re for 2013–2016. 
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Figure 7. The relationship between raw half-hourly nighttime NEE (Renight) and soil temperature (Ts) data at the study site. Data of Renight used in curve fitting were averaged in 0.2 °C Ts bins. 
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Figure 8. Responses of gross primary production (GPP) to photosynthetically active radiation (PAR) from May to October across two years, 2015–2016, at the study site. GPP used in curve fitting was averaged in 50 μ mol m−2 s−1 PAR bins. 
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Figure 9. The relationship between net ecosystem productivity (NEP) and groundwater depth (GWD) in July and August across three years (2014–2016) at the study site. 
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Table 1. Yearly net ecosystem production (NEP), gross primary production (GPP), ecosystem respiration (Re), and mean GPP/Re in 2013–2016 at the study site. Also shown are mean air temperature (Ta), annual precipitation (P), and groundwater depth (GWD) during the growing season.
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Year

	
NEP

	
GPP

	
Re

	
GPP/Re

	
Ta

	
P

	
GWD




	
g C m−2

	
°C

	
mm

	
m






	
2013

	

	

	

	

	
21.45

	
34.2

	
1.67




	
2014

	
297

	
825

	
528

	
1.56

	
21.30

	
17.3

	
1.28




	
2015

	
427

	
834

	
405

	
2.05

	
20.98

	
70.1

	
1.79




	
2016

	
278

	
1019

	
742

	
1.37

	
21.46

	
52.1

	
1.16




	
Average

	
334

	
892

	
558

	
1.66

	
21.30

	
43.3

	
1.41
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Table 2. Spearman’s correlations between daily net ecosystem production (NEP, g C m−2 d−1), gross primary production (GPP, g C m−2 d−1) and ecosystem respiration (Re, g C m−2 d−1), and mean air temperature (Ta, °C), vapor pressure deficit (VPD, kPa), photosynthetically active radiation (PAR, μ mol m−2 s−1), groundwater depth (GWD, m) and pan evaporation (Ep, mm) during the growing season (from May to October) across four years, 2013–2016, at the study site.
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	Ta
	VPD
	PAR
	GWD
	Ep





	NEP
	0.598 **
	0.333 **
	0.395 **
	0.525 **
	0.268 **



	GPP
	0.663 **
	0.524 **
	0.426 **
	0.390 **
	0.458 **



	Re
	0.457 **
	0.538 **
	0.100
	0.079
	0.504 **







** Correlation is significant at the 0.01 level (2-tailed).
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