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Introduction

As a natural meteorological phenomenon, dew originates from atmospheric vapor that condenses into liquid water on the surface of a leaf or other condenser when its surface temperature cools below the dew point temperature (Monteith, 1957;[START_REF] Monteith | Principle of environmental physics[END_REF][START_REF] Beysens | Dew nucleation and growth[END_REF]. Dew is a common and significant water source in many ecosystems, especially those in arid and semi-arid areas of the world [START_REF] Monteith | The water relations of plants[END_REF][START_REF] Baier | Studies on dew formation under semi-arid conditions[END_REF][START_REF] Malek | Dew contribution to the annual water balances in semi-arid desert valleys[END_REF]. In the Negev highlands, for instance, about 200 days with measurable dew formation were recorded each year and the accumulated water from this source was approximately 40 mm, comprising over 30% of the annual hydrological input [START_REF] Agam | Dew formation and water vapor adsorption in semi-arid environments-a review[END_REF].

It was found that dew occurred in 166 days of 195 days during growing seasons in Mu Us sand land ecosystem in China, with the predicted dew amount being 21.3mm [START_REF] Guo | Dynamics of dew in a cold desert-shrub ecosystem and its abiotic controls[END_REF]. Dew formation rates can reach to 0.07 -0.09 mm h -1 in plant canopies [START_REF] Garratt | On the contribution of atmospheric moisture to dew formation[END_REF]. Nevertheless, dew occurrence and duration largely depend upon the weather conditions, habitat and condensation surface characteristics in a given ecosystem.

Dew generally is beneficial to plants within arid and semi-arid ecosystems because most of the plants can absorb it [START_REF] Stone | The ecological importance of dew[END_REF][START_REF] Wen | Dew water isotopic ratios and their relationships to ecosystem water pools and fluxes in a cropland and a grassland in China[END_REF][START_REF] Hill | The role of dew in Negev Desert plants[END_REF]. Frequent dew formation is a kind of water source for biological crusts [START_REF] Ranaan | Simulated soil crust conditions in a chamber system provide new insights on cyanobacterial acclimation to desiccation[END_REF], lichens [START_REF] Kidron | The effect of dew and fog on lithic lichens along an altitudinal gradient in the Negev Desert[END_REF], forbs with shallow roots [START_REF] Munné-Bosch | Diurnal variations of photosynthesis and dew absorption by leaves in two evergreen shrubs growing in Mediterranean field conditions[END_REF], and small shrubs [START_REF] Pan | Dew formation characteristics in arevegetation-stabilized desert ecosystem in Shapotou area, northern China[END_REF][START_REF] Pan | Effects of shrub species and microhabitats on dew formation in a revegetation-stabilized desert ecosystem in Shapotou, northern China[END_REF]. In terms of physiological benefits, dew can directly improve plant photosynthesis [START_REF] Del Prado | Dew as a key factor for the distribution pattern of the lichen species Teloschistes lacunosus in the Tabernas desert (Spain) flora-morphology, distribution[END_REF][START_REF] Zhuang | Relationship between dew presence and Bassia dasyphylla plant growth[END_REF], reduce transpiration [START_REF] Konrad | Leaf pubescence as a possibility to increase water use efficiency by promoting condensation[END_REF][START_REF] Malik | Dew harvesting efficiency of four species of cacti[END_REF], increase leaf water relative content [START_REF] Hill | The role of dew in Negev Desert plants[END_REF], promote plant reproduction [START_REF] Kidron | The role of dew as a moisture source for sand microbiotic crusts in the Negev Desert,Israel[END_REF], and facilitate seed germination [START_REF] Gutterman | Mucilaginous seed coat structure of Carrichtera annua and Anastatica hierochuntica from the Negev Desert highlands of Israel, and its adhesion to the soil crust[END_REF]. Thus, dew has an overall positive effect in water-limited ecosystems, while foliar uptake of dew may be a beneficial water acquisition strategy for species in habitats where dew events occur frequently. To date, limited studies focused on physiological traits and biomass in relation to dew effects of C 3 and C 4 species. The adaptation of the C 4 photosynthetic pathway to environments with low water availability means that it developed some water conserving strategies with high water use efficiency [START_REF] Taylor | Photosynthetic pathway and ecological adaptation explain stomatal trait diversity amongst grasses[END_REF]. The role of dew in the hydrologic cycle and ecological processes can be determined by comparing the δD and δ 18 O in dew, leaf, xylem tissues and water gradients in the soil, air, and rainfall [START_REF] Gat | Oxygen and hydrogen isotopes in the hydrologic cycle[END_REF][START_REF] Yakir | The use of stable isotopes to study ecosystem gas exchange[END_REF]. Here, we hypothesize that foliar uptake would be widespread among species and more effective to C 4 species than C 3 species.

The Hunshandak sandland is located in the central part of Inner Mongolia Plateau. This arenicolous habitat comprises an ecosystem in which dew was observed to be frequent in its occurrence during clear nights. Aridity is predicted to increase in this region due to global climate change (IPCC, 2007). Dew frequency and amount are expected to be affected by climate change [START_REF] Vuollekoski | Estimates of global dew collection potential on artificial surfaces[END_REF][START_REF] Tomaszkiewicz | Projected climate change impacts upon dew yield in the Mediterranean basin[END_REF], and dew may have an even more important impact in this semi-arid region [START_REF] Rahimi | Spatial changes of extended De Martonne climatic zones affected by climate change in Iran[END_REF]. This could significantly increase the challenge endured by plant species to survive.

It is thus important to understand the dewfall characteristics and the effects of these changes upon plants growing in areas of common dew events. This study evaluates the characteristics of dew by determining its yield and comparing its isotopic composition with soil water, vapor, rain water within the plant and role dew plays in plant growth and carbon fixation. The present study elucidates (i) the timing and duration of dew formation, and quantifies the total dew yield; (ii) clarifies how dew formation is related to local micro-climate factors and (iii) elucidates the impact of dew to the recycling of local water, water relations and carbon assimilation of C 3 and C 4 species.

2.Materials and methods

Study area

The study was carried out in the Hunshandak sandland (116º31.75′E, 42º4.36′N), located in Duolun County, Inner Mongolia, northern China (Fig. 1a). The elevation is approximately 1300 m and the prevailing climate is temperate-continental with annual average temperatures of 1.6 °C and a frost-free period of about 100 days. The area receives an average annual precipitation of about 385 mm, with an uneven distribution throughout the year. Some 70% of the precipitations is concentrated in the growing season, from July to September [START_REF] Zhu | Introduction to Chinese Deserts[END_REF]. Precipitation fluctuates from 150 mm to 400 mm among years. The annual average wind speed is 3.6 m s -1 with wind direction from the northwest to southeast.

The soil type is sandy (Table 1), and it is poor in phosphorus and nitrogen. The organic matter content is about 0.92%. The study area and landscape is areniclous, with forbs, grass species and sparse elm trees (Fig. 1a). The vegetation cover is 70% -80%. The grass species in the study area are primarily Agropyron criststum, Leymus chinensis and Cleistogenes squarrosa. Other forbs include Plantago asiatica and Potentilla chinensis, and the woody plants are dominantly Ulmus pumila trees.

Dew measurement

A 10 m × 10 m plot was established on an areniclous substrate to measure the dew yield (Fig. 1b). As we were only interested in the effect of dew on plants, the measurements were taken during the summer and autumn seasons, respectively, from 11 July to 12 October in 2013, 23 July to 12 October in 2014 and 20 June to 13 October in 2015, corresponding to the periods of the greatest plant growth, flowering and fruiting. The initial dates of the experiment somewhat differed somewhat from year to year due to climate variability, but the termination dates are similar.

A weighing method was used to measure the dew yield. The condensation surface was a 29 cm × 20 cm polyethylene plate where dew was collected and measured by weighing. Three identical plates were horizontally placed on polyethylene tubes that were inserted into the soil and extend 3 cm above the ground. This created a homogenous substrate 3 cm above the ground (Fig. 1c). The plates were set in the experimental plots before 18:00 p.m. on every observation day and dew on the plates was collected with a dry absorbent paper of known mass on the next morning 30 minutes before sunrise. The paper was put in a sealed bag and weighed using an electronic balance with a precision of 0.1 mg. The difference in the mass of the paper and bag before and after dew collection represents the net amount of dew formed on the plate during the night. Dew mass can be converted to mm of dew yield by H dew = 10 ×∆m/(ρ×A). In the formula H dew is the dew yield in mm unit, and Δm (g) is the difference of weight of the absorbent paper before and after dew collection, ρ (1.0 g cm -3 ) is the density of water, and A (580 cm 2 ) is the condensation surface area. Rainy nights were not included in the comparisons so that only dew could be considered as a supplementary available water source. Data were manually collected in the early morning, so that the measurements reflect the total dew yield per night. To determine the rate of dew formation, we carried out another experiment with 4 polyethylene plates exposed facing upward from 20:00 p.m. at night to 6:00 a.m. the following morning. Dew was weighed every two hours, allowing the tracking of the evolution of the dew yield and the rate of condensation. Six days were chosen to conduct this experiment each year and the average dew formation rate was calculated based on these measurements.

Dew duration

Dew duration was recorded using a leaf wetness smart sensor (S-LWA-M003, Onset Computer Corporation, Bourne, Massachusetts, USA). The sensor recorded the moisture percentage on the plate, which delineated the onset and termination of each dew event. A total of 10 blades were installed in the experiment site and moisture percentages were recorded every 5 minutes. The sensor had a plug-in modular connector that allowed it to be easily added to a Hobo Automatic Weather Station (U30-NRC, Onset computer Corporation, Bourne, Massachusetts, USA) installed in the field to record meteorological data (see below). Compared with the in situ measurements on the condenser, the moisture percentage of leaf wetness was about 20% when the smallest dew drops are visible to the eye. When the data were processed, a moisture percentage of the leaf wetness sensor larger than 20% was considered as the signature of dew events. Equipment maintenance and data download were conducted monthly.

Micro-climatic environmental parameters such as air temperature (T a ), atmospheric pressure, wind speed (V), relative humidity (RH), rainfall, and soil temperature (T s ) were simultaneously recorded by the weather station. These parameters were used to compare the weather conditions for dew events. The height of the station was 1.8 m above the ground. Wind speed V 10 was extrapolated from the measured data according to the classical formula of Pal Arya [START_REF] Pal Arya | Introduction to Micrometeorology[END_REF], assuming that the presence of the sparse elms does not modify much the logarithmic variation:

V(z) = V 10 ln (z/z c )/ln (10/z c ) (1)
The length z c (in the present study taken to be 0.1m) is the roughness length leading to V 10 ≈ 1.59V.

Cloud cover data (N, in octa) were obtained visually at the time of dew collection (30 minutes before sunrise). Rain data were measured with a 0.2 mm minimum collected volume in the pluviometer cup. All of the sensors described above have a scanning time of 5 minutes, except for the use of the weighing scales where the scanning time was 2 h.

Dew yield calculation from meteorological data

At the beginning of measurement sessions the dew yield was correlated with meteorological variables.

The observed nightly dew yield, Y dew (mm night -1 ), was related to the dew point-to-air temperature difference ∆T = T d -T a , where T d is the dew point temperature and T a is the air temperature.

Based on the analysis of meteorological factors, the dew yield Y dew was evaluated according to the following analytical equation, with Y dew in mm d -1 [START_REF] Beysens | Estimating dew yield worldwide from a few meteo data[END_REF]:

Y dew = {0.37×[1+0.204323H 0.0238893H 2 (18.0132 1.04963H+0.21891H 2 )×10 -3 T d ] ×( ) 4 (1-N/8)}+[0.06 (T d T a )]×(1+100×{1 exp[ ( ) 20 ]}) (2) 
In this calculation, Δt (h) is the measurement period, H (km) is the elevation of the experimental site, N (octa) is the cloud cover, V (m s -1 ) is the wind speed at 10 m elevation, V 0 = 4.4 m s -1 is a cut-off for dew formation. Due to nightly fluctuations in meteorological conditions, Equation ( 2) was applied incrementally every nocturnal hour (Δt = 1), based on the dew duration experimentally measured by a leaf wetness smart sensor. This allowed the cumulative dew yield to be obtained for the entire observation period. N ( in octa) is cloud cover data.

In order to calculate the frequency of dew occurrences, we divided the experimental recording days into four types, i.e. rainy days, dew days, and neither rain nor dew days, and both rain and dew days.

Rainy days mean that the rainfall amount was more than 0.2 mm and affected the nightly dew records.

Rain below 0.2 mm cannot be confused with dew because rainy periods were the object of observation.

Both rain and dew days mean that the rain events occurred in the morning or noon, and dew occurred at night and these kinds of days were very few, only one to three days for each year.

Isotope analysis

Stable hydrogen (δD) and oxygen (δ 18 O) isotope analyses were performed in 2015 on water collected from dew, rainfall, and soil water (0-10 cm and 20-30 cm depths), together with leaf and rhizomic water of a dominant perennial grass species (Agropyron cristatum (L.). Dew samples were collected at least one night every week, and soil and plant samples were collected on the same day. Dew samples were collected directly from the extra dew condensers at pre-dawn, before isotopic fractionation had occurred from re-evaporation. Samples were poured into glass bottles, were sealed with parafilm to avoid evaporation and leakage, and stored at 4°C until taken to the Center for Stable Isotope Biogeochemistry for isotope analysis within a week. Leaf samples were collected after dew collection and before sunrise.

Non-photosynthetic tissue (rhizome) samples were cut from the same plants whose leaves were collected (number of samples n = 4). The collected leaves and rhizome samples were then placed in bottles, sealed

immediately and stored at 4°C until analyzed.

Soil samples (n = 4) were collected at depths of 0-10 cm and 20-30 cm below the ground beneath the sampled plants. These samples were also put in bottles and stored at 4°C until being sent to the laboratory for isotope analysis. Water was extracted from the samples by using a cryogenic vacuum distillation apparatus. Rainfall samples were collected directly from specially cleaned beakers used for rain collection during each precipitation event. Four beakers were established as replicates. In total, 15 rain events were sampled in 2015. In addition, ground water samples were collected at a local well, 20 m deep, with three replicates.

The stable H and O isotope composition was determined using a gas sample generated from pure liquid introduced into an isotope ratio mass spectrometer (delta S, Finnigan MAT, Germany or SIRA 9, VG Instruments, UK). The stable H isotope composition of all water samples was determined by using the zinc-reduction method [START_REF] Coleman | Reduction of water with zinc for hydrogen isotope analysis[END_REF]. The stable O isotope composition of the water samples was determined using the CO 2 -water equilibration method [START_REF] Dugan | Guanidine hydrochloride method for determination of water oxygen isotope ratios and oxygen-18 fractionation between carbon dioxide and water[END_REF].

Isotope abundance in samples was identified by mass spectrometry. The natural abundance of stable isotope composition was calculated as following:

δD (or δ 18 O) = (R sample /R standard -1)×1000‰ (3)
where R sample is the isotopic ratios of the plant, water or soil sample, and R standard is the isotopic ratio of standard sample.

Plant growth and dew simulation experiment

Seeds of Leymus chinensis and Agropyron cristatum (C 3 species) and Cleistogenes squarrosa (a C 4 species)

were germinated in sterile nutrient agar for 1 week, and 30 plants of each species were transferred to pots (18 cm × 18 cm, height × diameter) containing a mixture of soil: peat: perlite (1:1:1 v/v). The plants were watered twice a week by turns of Hoagland solution and water. The plants were grown in a glasshouse with natural daily cycles of solar radiation (with a daily peak of photosynthetically active radiation (PAR)

of 1200 µmol photons m -2 s -1 ), relative humid of 60% ~ 80% and with controlled temperature (28/20 ℃, day/night) for 10 weeks prior to the experiment.

An opaque polyethylene container (length: 2m; height: 1.30m; width: 0.7m) was used as the chamber for the dew simulation experiment in the glasshouse. The two ends were closed with a movable curtain that does not form a sealed chamber so that air could continuously flow out of the chamber. By doing so, the air pressure inside the chamber was identical to the ambient atmospheric pressure in the chamber. A layer of cloth served as a heat insulator and a reflective separator outside the chamber stabilized the temperature inside, minimizing temperature fluctuations to less than 1°C during dew experiments. Two small electric waterproof fans were installed inside the chamber to circulate the humid air throughout the chamber. The chamber was filled with water vapor generated by a humidifier (SM-02B, MSSHIMEI, Jiangsu, China), which produces a water aerosol with droplets smaller than 5 µm.

Before the start of the experiment, twenty-four plants were selected and watered until the soil reached field capacity, then water was withheld for five weeks. The influence of dew on a species leaf carbon and the water relations of drought stressed plants were investigated at the beginning of the third week and the following three weeks. At the end of second week of water being withheld, plants were randomly placed in the chamber for dew simulation and assigned to four treatments: (1) drought with dew simulation on leaves for three consecutive nights a week (D3); (2) drought with dew simulation on leaves for five consecutive nights a week (D5); (3) drought with dew simulation on leaves for seven consecutive nights a week (D7); (4) water withheld from soil (dry-down) without dew for the control (CK). After the experiment began, all plants did not receive any soil water, nor did the control treatment accept dew. Pots were rotated every 3 days throughout the experiments to avoid potential microclimate effects.

Dew was generated nightly between 20:00 p.m. and 06:00 a.m. by an ultrasonic water humidifier (SM-02B, MSSHIMEI, Jiangsu, China). After each nightly dew event, the insides of the chamber were cleaned by towel and the plants were taken out of the chamber. To prevent dew from reaching the soil, we wrapped the whole pot with foil and sealed the joinder edge of the foil with a waterproof putty (Terrastat IX, Henkel Technologies, Germany). In measuring days, individual leaves were thoroughly dried with paper towels before photosynthetic rate and leaf relative water content measurements. By doing so, the only pathway of dew use was through leaves.

Leaf water content and gas exchange measurement

Leaf relative water content was measured between 7:00 a.m. and 8:00 a.m. on leaves from each plant to determine if nocturnal dew exposure provides hydration to eliminate plant water deficit. The cut leaves were submerged in water for 24 hours to standardize water availability on the leaf surface. Changes in leaf relative water content (LRWC) were calculated as:

LRWC = (M -M1)/(M0-M1) × 100% ( 4 
)
where M is the leaf fresh mass before submergence, M0 is the towel-dried leaf fresh mass after 24 hours of submergence, and M1 is the oven-dried mass of each leaf.

After determining the leaf relative water content, net photosynthetic rate (P n ) and stomatal conductance (g s ) per unit leaf area were measured between 9:00 a.m. and 11:00 a.m. on four measuring days using an infrared gas analyser (6400, Li-Cor, Biosciences Inc., Lincoln, NE, USA). One mature fully expanded leaf in each group of six plants was given a dew treatment. A control treatment was also measured at 400 mol mol -1 CO 2 , with 1200 mol m -2 s -1 photosynthetic photon flux density provided by a cool red-blue light source (6400-02B SI-710, Li-Cor, Inc.). Leaf area was determined with a leaf area meter (LI-3100, Li-Cor, Inc.).

Leaf surface structure and biomass measurement

Leaf samples were collected early at the end of the experiment to avoid dehydration. Four leaf strips

(1-2cm width) midway between the leaf edge and the mid-vein were cut with a sharp blade from each plant in the greenhouse and immediately fixed in FAA [ethanol: acetic acid: formaldehyde (18:1:1)]. After 24 hours of fixation, leaf segments of approximately 2 mm × 3mm were taken from the fixed strips, gradually dehydrated in a series of mixtures for ethanol and ethanol-isoamyl acetate for 2 h. The sections were further dried before being coated with gold. The mounted specimens were examined and photographed with a scanning electron microscope (Hitachi S-570 SEM, Hitachi, Tokyo, Japan) operated at 12 kV. Both abaxial and adaxial surface structure and stomata of each leaf were photographed. After experiment, all the plants were collected for biomass accumulation measurements. Plants in each pot were separated into shoot and root before being dried to constant weight in an oven at 72°C.

Statistical analysis

Dew yield and rainfall data were calculated for each day, and these data were transformed by taking their natural logarithms to stabilize heterogeneous variances before analysis. The differences in daily dew yield, total dew yield and rainfall during the same experiment period among years were analyzed by one-way analysis variance (ANOVA). Dew frequency was calculated as the ratio of the number of dew days to the total days in the experimental period. The stabilized heterogeneous variances for statistical analyses of different years were determined by using SPSS 16.0 (SPSS 16.0, Chicago, IL, USA), with a significance level of 0.05. The relationship between the formation of dew and environmental factors was analyzed by correlation analysis, then diagrammed using OriginPro 9.0 software (OriginLab Corporation, Northampton, MA, USA). Data from days corresponding to nightly rain events were discarded from the data analysis. Dew simulation treatment comparisons were made using a repeated measures analysis of variance to test for within subject days since water was withheld and between dew regime effects on all plants response variables. Repeated measures analyses were performed using SPSS 16.0 (SPSS 16.0, Chicago, IL, USA).

Results

Dew frequency and duration

Dew frequencies were 51%, 55% and 52% respectively for year 2013, 2014 and 2015, with an average of approximately 53% (Table 2). The rain day percentages were 28% (2013), 28% (2014) and 26 % (2015), with an average value of 27% for the entire experimental periods. However, most of the rain events affected dew recording because they usually occurred at night or afternoon lasting into night. The percentages of non-rain, non-dew days were respectively 21% (2013), 17% (2014) and 23% (2015), with an average value of 21% (Table 2).

Dew usually formed from 20:30 p.m. (evening) to 7:30 a.m. (next morning), with an actual dew duration varying from day to day (Fig. 2). The earliest onset time was 19:00 p.m., while the latest termination time was 9:00 a.m. The mean dew duration was 8.3 h among three years, with the longest dew duration being 13.8 h, and the shortest 4 h. The daily dew durations were significantly different (P = 0.002) according to the year. However, there is no significant difference in the average dew duration for the three studied years.

Dew yield and dew formation rate

During the experimental periods, the total dew yield was 6.89 mm (2013), 6.18 mm (2014) and 9.04 mm (2015) (Table 2; Fig. 3). The average daily dew yield was 0.15 mm d -1 (2013), 0.14 mm d -1 (2014) and 0.15 mm d -1 (2015) (Table 2). Differences in the total dew yield (P = 0.006) were found according to the year, but there were no significant differences in the average daily values (Table 2). With the same time span for the three years, from 23 July to12 October, the total dew yields are 5.72 mm (2013), 6.18 mm (2014) and 6.55 mm (2015), with no important differences being noted among measure years.

The minimum daily dew yield was 0.08 mm (2013), 0.03 mm (2014) and 0.07 mm (2015), with the maximum values being 0.17 mm (2013), 0.30 mm (2014), 0.22 mm (2015) (Fig. 3). The mean dew formation rate was 0.015 mm h -1 (2013), 0.02 mm h -1 (2014) and 0.018 mm h -1 (2015) (Table 2), with no significant differences between years. During the experiment period, the total rainfall was 166.7 mm (2013), 130.8 mm (2014) and 250.2 mm (2015) (Fig. 3). When the same period (23 July -12 October)

was considered for each of the three years, the rainfall becomes 111.7 mm (2013), 130.8 mm (2014), and 156 mm (2015), and significant differences were found according to the year (P = 0.004) (Table 2). The rainfall value in 2015 was about 40% larger than rain measured in 2014 and 20% larger than 2013.

Dew yield and relation to climatic factors

It is well known that the dew yield increases after a rain event because the air becomes more humid. Dew yield is indeed strongly correlated with the temperature difference ∆T = T d -T a, or equivalent with the relative humidity (RH) [START_REF] Beysens | Measurement and modelling of dew in Island, Coastal and Alpine areas[END_REF][START_REF] Muselli | Dew and rain water collection in the Dalmatian Coast, Croatia[END_REF][START_REF] Maestre-Valero | Estimating of dew yield from radiative condensers by means of an energy balance model[END_REF][START_REF] Beysens | Estimating dew yield worldwide from a few meteo data[END_REF]. Usually dew forms only within a range of |∆T| = 0.5 -4.5 °C (or RH = 82 -98%) and the dew yield increases when ∆T diminishes or RH increases (Fig. 4a,b). The maximum possible |∆T| was 4.5 (2013), 3.5°C (2014) and 4.25 °C (2015). Our experimental data are concentrated in the range of 0.5 -3.5°C. Following the Beysens (2016) model formula, the dew yield was calculated based on ∆T, wind speed and cloud coverage. The dew yield was measureable and almost higher than 0.05mm when the relative humidity was above 80%. The calculated data were then compared with the experimental data. As expected, there was a strong correlation between the evaluated and measured dew yields (Fig. 4c). The calculated values were only slightly larger on average than the experimental values. The maximum dew yield is about 0.3 mm d -1 , corresponding to the temperature difference ∆T = -0.91 °C (Fig. 4a).

Dew and water recycle

The relationship between the δD and δ 18 O of rainfall, soil water, and dew samples were all plotted together (Fig. 5). The data from plant leaves and rhizome were shown, allowing plants to be viewed in relation to their water source lineages. The local meteorological water line (LMWL) of this investigation is described by the equation: δD = 7.98δ 18 O + 9.85, R 2 = 0.97 (Fig. 5). It differed slightly from the global meteorological water line (GMWL, δD = 8δ 18 O + 10, R 2 = 0.93; Craig 1961). So it is better to use it than the GMWL for interpreting the local variations and evaluating the various water sources of isotope δD and δ 18 O of meteoric waters. The variations of δD and δ 18 O were similar in rain water and dew water, respectively, ranging for rain water from -112.4‰ ± 0.59 to -9.51‰ ± 0.63 in δD, -16.49‰ ± 0.59 to -2.24‰ ± 0.06 in δ 18 O, and for dew water from -102.4‰ ± 0.45 to -16.21‰ ± 0.48 in δD and -14.44‰ ± 0.68 to -2.91‰ ± 0.13 in δ 18 O (Fig. 5).

Leaf water relations and gas exchange

Dew exposure significantly increased the LRWC of all species when compared to the drought control data by 5% -38% in L. chinensis, 5% -76% in A. cristatum for C 3 species and 3% -18% in the C 4 species C. squarrosa (Fig. 6 a,b,c; Table3). The differences of LRWC between treatment and control were significantly higher as the time of the experiment proceeded. In comparison with the control, the higher of the frequency for dew, the greater the increase of LRWC and P n . Values of changes of LRWC were the highest for the D7 treatment, intermediate for D5 treatment and the lowest for D3 treatment (Fig. 6 a,b,c).

The effects of photosynthetic type on LWRC depended on measuring time and treatment in the three species (Table 3). The values of P n were significantly more greatly improved for all treatments when compared with drought control after one week of dew exposure, with means added values being 5% -240% and 25% -142% in C 3 species L. chinensis and A. cristatum and 2% -109% in C 4 species C. squarrosa (Fig. 6 d,e,f; Table 3). Dew exposed plants displayed higher and higher P n in comparison to the control as the experiment proceeded. There was no significant interaction between dew treatment and photosynthetic type for P n (Table 3).

Changes of biomass

Dew affected the growth and the distribution of biomass in all three species (Fig. 7). There were significant effects of both C 3 and C 4 photosynthetic type and dew exposure on total biomass, shoot and root biomass (Fig. 7; Table 3). Dew exposure caused a high shoot and root biomass in C 4 species, C. squarrosa, with increase of 15%, 47% and 81% respectively for roots in D3, D5 and D7 treatment and 82%, 83% and 97% for shoots in D3, D5 and D7 treatments in comparison with controls. Shoot biomass in L. chinensis significantly increased by 19% -23% in dew treatments compared to the control, while values were only 2% -9% in A. cristatum (Fig. 7; Table 3). Root biomass in C 3 species rose significantly through dew exposure with respect to the control by 3%, 10% and 25% in L.chinensis and 5%, 4% and 28% in A.cristatum in D3, D5 and D7 treatments (Fig. 7). All three species tended to accumulate more biomass in their shoots when dew events occurred in five or fewer consecutive nights, while root biomass significantly increased over the five consecutive nights. There was no significant interaction between photosynthetic type and dew treatment (Table 3).

Discussions

Dew formation and water resource

Dew occurred on 53% of the nights in the summer and the autumn in the arenarious ecosystem of Mongolian Plateau (Table 2), which was higher than the report of 30% in semiarid meadow habitat in the Tibet Plateau [START_REF] He | The role of dew in the monsoon season accessed via stable isotopes in an alpine meadow in Northern Tibet[END_REF]. This was lower than others 85% in semiarid shrub ecosystems in Mu Us Sandland [START_REF] Guo | Dynamics of dew in a cold desert-shrub ecosystem and its abiotic controls[END_REF] and 77% in desert ecosystem in Badain Jaran Desert [START_REF] Zhuang | Dew formation and its variation in Haloxylon ammodendron plantations at the edge of a desert oasis, northwestern China[END_REF] in China. The difference can be attributed primarily to the distinct climates among these ecosystems. However, these result compared well with a report by [START_REF] Wen | Dew water isotopic ratios and their relationships to ecosystem water pools and fluxes in a cropland and a grassland in China[END_REF] that about 51% of the nights showed dew events in a short steppe grassland next to this region from 2 nd of June to 17 th September, 2009 (115 days) using the flux-gradient method. [START_REF] Wen | Dew water isotopic ratios and their relationships to ecosystem water pools and fluxes in a cropland and a grassland in China[END_REF] reported a mean dew rate value of 0.1mm night -1 , lower than that of 0.15 mm night -1 in the present study (Table 2). Several possible reasons can be suggested for this difference, the most obvious being the difference in soil matrix and micro environment. At night, the high surface radiation deficit drops the sand temperature rapidly due to the low thermal conductivity of loosely aggregated sand grains, leading to a greater diurnal atmospheric temperature fluctuation. The rapidly thermal cooling results in a higher dew quantity at this study's site than that of the experimental site of [START_REF] Wen | Dew water isotopic ratios and their relationships to ecosystem water pools and fluxes in a cropland and a grassland in China[END_REF]. Our findings demonstrated that dew in this arenicolous ecosystem is greater than that of the steppe grassland in the North of China. However, due to the variation of dew yield with microenvironment, the mechanisms of difference between these two adjacent ecosystems needs further study.

The average dew yield was stable for the three study years (0.15 mm night -1 ), although the dew duration varied greatly from day to day, suggesting that dew is a relatively reliable source of water in the long term. Dew yield was found comparable to other studies in arid and semi-arid areas elsewhere in China and in other ecosystems. For instance, the average quantity of dew was 0.15 ± 0.06 mm night -1 in a meadow in the Tibet Plateau [START_REF] He | The role of dew in the monsoon season accessed via stable isotopes in an alpine meadow in Northern Tibet[END_REF]. In the semi-arid Loess Plateau of China, dew varied from 0.09 mm night -1 to 0.33 mm night -1 [START_REF] Wang | Atmospheric physical characteristics of dew formation in semi-arid in loess plateau[END_REF]. The average daily amount of dew in the Haloxylon ammodendron plantations was 0.13 mm night -1 [START_REF] Zhuang | Dew formation and its variation in Haloxylon ammodendron plantations at the edge of a desert oasis, northwestern China[END_REF]. It was reported that the clear skies, moderate winds, strong inversion of temperature from the ground surface to the atmosphere and high relative humidity were favorable for condensation of water vapor [START_REF] He | The role of dew in the monsoon season accessed via stable isotopes in an alpine meadow in Northern Tibet[END_REF][START_REF] Zhuang | Dew formation and its variation in Haloxylon ammodendron plantations at the edge of a desert oasis, northwestern China[END_REF]. The data reported here are consistent with this mechanism,

showing that a significant linear correlation was found between dew yield and the differences ΔT in dew point and air temperatures (Fig. 4a). This relationship implicitly demonstrates that natural dew yield is primarily limited by convective heat losses, in accordance with the Beysens (2016) approach for evaluating dew yield. The minimum relative humidity to obtain dew was at least 80% in this study (Fig. 4b).

In comparison with the amount of rainfall (mean contribution 130.8 mm), the total dew contribution (6.15 mm) was about 5%. The proportion of this amount of dew to the regional hydrologic cycle is small.

Nonetheless, the significance of dew in the local water cycle with its strong contribution to plant growth and water relations on a micro scale for individual plants should not be ignored [START_REF] Guo | Dynamics of dew in a cold desert-shrub ecosystem and its abiotic controls[END_REF]. These trends were observed by the isotopic compositions of dew samples that are interspersed between rain samples and water vapor. In this study dew samples were found to have a large variation in δD, indicating that dew contains both water from local evapotranspiration that is recycled after rains, and water vapor that has been transported on long distance [START_REF] Cui | Using deuterium excess to determine the sources of high-altitude precipitation: implications in hydrological relations between sub-alpine forests and alpine meadows[END_REF]. Under equilibrium conditions, water vapor evapotranspired locally should be similar to a mixture of groundwater and soil water [START_REF] Ehleringer | Water uptake by plants: perspectives from stable isotope composition[END_REF]. However, that study area is located in the inland Plateau where the summer weather interacts with the westerlies winds. Both the Pacific Monsoon, the wasterlies, plant transpiration, evaporation of local water bodies, and the soil were influenced by the atmospheric moisture pattern in summer and autumn [START_REF] Ma | Eremology. Inner Mongolia People[END_REF]. The atmospheric water vapor is actually a mixture of transported and local moisture, which includes evaporation from soil surface, rivers, lakes, rainfall, and plant transpiration, reflecting the more negative isotopic compositions of water vapor than the other components (Fig. 5). The higher values of δ 18 O in dew, e.g., -2.91 ‰ originated from local plant transpiration and evaporation of the water sources when the rainfall is suspended, while the lower values of δ 18 O, e.g., -14.44 ‰ were the result of oceanic water vapor transportation (Fig. 5). δ 18 O water was also used to demonstrate that water could be absorbed through the foliage of Juniperus spp. in the arid deserts of New Mexico, USA, with the wetted shoots exhibiting higher concentrations of isotopes than non-wetted shoots [START_REF] Breshears | Foliar absorption of intercepted rainfall improves woody plant water status most during drought[END_REF]. The small samples of water sources used here preclude proportional quantification of the hydrologic components, but these observations suggest that the potential contribution of dew on the hydrologic cycle of inland ecosystems and individual plant ecophysiology is clearly an important area for future research.

Dew and foliar water uptake

The total number of leaf wetting days accounted for 80% with both dew and rain events. Those with dew as a water source constituted 53% and those just with rain comprised 27% (Table 2). Many studies have shown that plant leaves can directly take up dew, fog or small amounts of rain [START_REF] Limm | Foliar water uptake: a common water acquisition strategy for plants of the redwood forest[END_REF][START_REF] Zhuang | Relationship between dew presence and Bassia dasyphylla plant growth[END_REF]Gerlein-Safdi et al., 2018). Control experiments were conducted to investigate whether dew can be absorbed by dominant plants in sandy ecosystems and relieve the effects of drought.

All of our three experimental plants species, two C 3 and one C 4 species, took up dew when exposed to artificial dew events at night, manifested as significantly increase of leaf relative water content (LRWC) of treated plants, which subsequently raised the net photosynthetic rate (P n ) of plants during the following days (Fig. 6). The dew sensitive response of the C 3 species A. cristatum fell above L. chinensis, another C 3 species and C. squarrosa, C 4 taxa from the same sandy ecosystem, showed that the variation in LRWC and P n for A. cristatum was greatly enhanced even in three out of seven consecutive nights of exposure to dew. All three species reacted significantly to five or more consecutive nights of dew exposure out of seven test days, as observed by a large increase of LRWC and P n for dew exposed plants, especially for L.

chinensis. It indicated that the foliar dew uptake was a typical mechanism for plants to obtain water in a sand based ecosystem (Fig. 6). The utilization efficiency of absorbed dew water is a physiological process related to water use efficiency and the carbon assimilation efficiency of specific species. The C 4 species, C. squarrosa displayed the greatest carbon accumulation and gained about 100% of the shoot biomass among the dew-exposed plants as compared to the control, due to its high water use efficiency and C 4 photosynthetic pathway (Fig. 7). L. chinensis, a C 3 species is an extremely drought resistant species [START_REF] Wang | Effect of aridification on the replacement of zonic species, Stipa baicalensis Roshev. by azonic species, Leymus chinensis tzvel., in the steppe of China[END_REF][START_REF] Yue | Response of plant functional traits of Leymus chinensis to extreme drought in Inner Mongolia grasslands[END_REF] that is broadly distributed in a variety of habitats, i.e., rocky, dry, or roadside shoulder habitats, displayed a modest biomass increase in dew exposed plants (Fig. 7), indicating that their response to dew may be associated with their drought resistance. The results reported here demonstrate that the C 3 or C 4 species in the Mongolia Plateau, which are extremely tolerant to drought, also have the potential to efficiently utilize foliar dew uptake to acquire additional carbon resources.

Drawing upon these data, two complementary hypotheses may be put forward. Firstly, dew on leaf surfaces enter into leaves through the epidermis. Previous studies suggested that special structures or materials of leaves were involved in the water absorption of various plants [START_REF] Mastroberti | Development of mucilage cells of Araucaria angustifolia (Araucariaceae)[END_REF], with a high concentration of polysaccharides in the epidermis of leaf surfaces and pectins in the palisade parenchyma cell walls of Drimys brasiliensis [START_REF] Eller | Foliar uptake of fog water and transport belowground alleviates drought effects in the cloud forest tree species, Drimys brasiliensis (Winteraceae)[END_REF]. On abaxial surfaces of Drimys winteri leaves, the papillose epidermis covered by a thick cuticle and lipophilic stomatal plugs that fill the cavity above the guard cells were thought to repel water lamina formation [START_REF] Field | Stomatal plugs of Drimys winteri (Winteraceae) protect leaves from mist but not drought[END_REF]. However, both sides of leaves for all three species in this study were observed to have papillose epidermis or bristle covered by a thick cuticle and is highly wettable and absorptive. The stomata of the C 4 species, C. squarrosa was nearly covered by cuticle debris, which is a kind of conservative stomatal structure (Fig. 8).

The mechanism of variation of cuticles in changing environmental conditions is consistent with the reports that cuticles are dynamic structures which can modify their permeability by tracking changes in environmental conditions (Schöonherr et al., 2005). The functions of this structure for plants in this study is likely related to drought adaptation [START_REF] Bailey | Evolution of the tracheary tissue of land plants[END_REF], and may be favorable to dew formation. Secondly, dew water as an intermediary diffuses into leaves through stomata. Although it is generally assumed that the uptake of dew water through stomata is difficult due to the high surface tension of liquid water and the small size of stomata openings [START_REF] Schonher | Penetration of stomata by liquidsdependence on surface tension, wettability, and stomatal morphology[END_REF], the stomata were partially open in the presence of dew events observed in all experimental species [START_REF] Kim | Transition of stable isotope ratios of leaf water under simulated dew formation[END_REF]. This would permit water molecular diffusion exchange between dew and the leaf (Farquahar and Cernusak, 2005). In principle, foliar dew uptake is a kind of passive moisture absorption and that does not cost energy and is related to leaf structure and characteristics. In arid and semi-arid ecosystems, these two pathways of foliar uptake of dew or small amount of rainfall, direct permeation and diffusion, may be simultaneously applied by many plants. In the future, more experiments involving an extension of species should provide a more profound understanding of stomatal behavior under dew occurrence.

Conclusions

This study provided a unique comprehensive analysis concerning dew formation and its utilization by plants in the arenicolous ecosystem of Hunshandak sandland in the Mongolia Plateau. The dewy nights comprised 53% of the nights during the summer and autumn, with a mean daily dew duration of 8.3 h.

The average daily dew yield was stable, around 0.15 mm night -1 , with daily variations related to temperature, relative humidity, cloud coverage and wind speed. Dew is a reliable source of water that is a significant component of the local moisture recycle as well as in plant eco-physiological processes.

Several consecutive nights of dew exposure significantly relieved the foliar water stress and allowed continued growth of grasses. C 4 plant and C 3 species with strong drought resistance showed a high efficiency for dew utilization and exhibited significant carbon accumulation, representing a previously undescribed mechanism to explain the foliar dew uptake for plants. By contrast moderately drought resistant C 3 species, being responsive to foliar wetting by dew, can persist during droughts when dew was present. Differential response to dew exposure in species may affect a plant community's dynamic and ecological interactions that would be more marked in the future with anticipated changes in climates.

Acknowledgements

This work was supported by a grant from the National Natural Science Foundation of China (41371056).

Author contribution

Author Contributions: MZL, CDW and YC conceived and designed the experiments. MZL, CDW, YC and LZ performed the experiments. MZL, CDW, YC, XG, PB, DXW, GMJ and DB analyzed the data. MZL wrote the manuscript with contributions from all the co-authors.