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Abstract

:

Harvesting is a common method in grassland management. With shrub encroachment into grassland, special hydrological and physiological dynamics probably occur in the shrub-grass coexisted ecosystem after harvesting, which remains largely unclear. Therefore, this study aims to identify potential effects of harvesting on soil moisture pattern, phenology dynamics, and water utilization in a shrub encroached grassland. We monitored soil water for a year beneath the Caragana microphylla canopy and interspace grassland after harvesting. The results showed that the soil water content increased under shrubs and grass patches after harvesting, especially under later ones. The water storage in soil of 0–100 cm depth increased by 18.9 mm under grass but only 5.5 mm under shrubs. Harvesting also decreased the difference of water storage between shrubs and grass from 19.1 to 5.7 mm. More snowmelt compensation, less evapotranspiration, shorter growing season, and higher water use efficiency may jointly contribute to the water recovery of harvesting soil. This study contributes novel evidence to the ecohydrological impacts of harvesting on shrub-grass co-existed ecosystems, shows application value in controlling shrub encroachment process and provides fundamental insights for the further study on soil water dynamics of similar ecosystems worldwide.
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1. Introduction


Harvesting, a common method in grassland, shrubland, and forest, has a long history in the pastoral area [1]. People harvested excess plants to balance the contradiction between the supply and demand of livestock feed. The physical environment changed after harvesting, in such ways as an increased daylight intensity, temperature, and evaporation rate, leading to further changes in vegetation composition and species diversity [2,3,4,5]. Shrub encroachment is a global phenomenon associated with marked changes in ecosystem structure and function over the past 100–150 years [6,7,8]. In shrub-grass coexisted ecosystems, previous studies mainly focused on the restoration process after shrub clearing, such as coverage, species changes, biomass, tiller number, and nutrient regime etc. [9,10,11,12,13,14]. Many of these studies have a common purpose on whether communities could be restored to grassland after harvesting, alleviating, or reversing the encroachment trends of shrubs into grasslands. Some of them have proved that shrub removal facilitates grassland recovery [9,10,15,16,17]. Thus, a periodical cutting every five or six years is suggested before shrub increases to a certain coverage (for example, 30%) in order to stimulate more grasses [10,18].



However, as a critical indicator of underground processes, soil moisture dynamics have not got much attention after harvesting in shrub encroached grassland. In these ecosystems, inter-canopy patches can be regarded as the source due to high runoff, while shrub patches are regarded as the sink, which is also known as “hydrologic islands” [19]. Specifically, greater and deeper infiltration is observed beneath Caragana microphylla canopy than interspace grass, and soil hydraulic conductivity for shrub is 2–3 times those of the grass here in the Inner Mongolian grassland [20,21,22]. These traits could be altered by harvesting activities, which directly reduce vegetation cover, change physical environment, and even harden the soil surface with a large harvester machine. In semiarid rangeland, 17% more water penetrates to the deep soil layer and groundwater recharge increases by 2.59 ± 1.7 mm·year−1 after shrub removal [23]. In sagebrush rangeland, the overall water supply is enhanced by about 6 cm after burning woody vegetation [24]. Removing woody plants is a common practice to enhance water supply in semiarid rangelands of the USA [24]. In some cases, the removal of grasses also creates enhanced soil water content and the increased soil water potential at the depth of 0 to 60 cm [25]. Moreover, shrubs need about decades to recover from harvesting, which is much slower than pure grassland [26,27]. Changes in plants cover, canopy structure, and topography could persist for years, and influence rainfall interception, infiltration, evapotranspiration, and runoff [28,29,30]. These small alterations in hydrological processes can accumulate over time, leading to lasting effects on shrub encroached grassland. Therefore, special and complex soil moisture dynamics probably occur after harvesting in this shrub-grass coexisted ecosystem.



It would be interesting to understand the physiological process of shrub-grass interaction when plants are harvested. Misson et al. [31] found that understory shrub harvesting directly reduced the leaf area index and canopy photosynthesis but did not affect ecosystem respiration, making the system from a carbon sink to a source in the restoration period., whereas the nitrogen content in the leaves of the shrubs and grasses is not significantly changed after removal [25]. Coexisted shrub and grass could also interplay after harvesting. Grass removal alone results in a significant increase in shrub production and leaf water potential [25]. The water use efficiency of shrubs increases after clearing them, the same for grasses [31,32]. However, water use efficiency (WUE) changes of shrub-grass coexisted ecosystems were unclear. Phenophase may also respond to plant harvesting due to its correlation with soil moisture in water-limited regions [33,34,35]. In feedbacks, plant phenology could affect soil water consumption by determining the time span of plant water uptake. Therefore, the responses of the WUE, phenology, and water uptake fraction to harvesting activity are worth exploring under the shrub-grass coexisted ecosystems.



Therefore, the objective of this study was to identify potential impacts of harvesting on soil water dynamics, combined with accompanying changes in phenology, water use source, and efficiency in a shrub encroached grassland community. This work contributes novel evidence to the ecohydrological impacts of harvesting on the shrub-grass co-existed ecosystems and would be important for the management of shrub-encroached grassland.




2. Field Experiments and Methods


2.1. Study Area


This experiment was conducted at the Farmland and Grassland Ecosystem Observation Station of Beijing Normal University (115°27′ E, 42°08′ N), located in Taipus Banner, Inner Mongolia, in Northern China. Our study site is situated at a 1400 m elevation. The study area has a temperate continental semiarid climate which is characterized as mild and rainy in summer, and cold and dry in winter. Meteorological observations in the experimental site (June 2015 to May 2016) showed that the daily air temperature was 3.3 °C with a maximum of 23.8 °C and minimum of −32.4 °C. Based on 55-year meteorological records (1956–2011), the mean annual temperature is 2.7 °C, with a maximum monthly temperature of 17.8 °C (July) and a minimum monthly temperature of −17.6 °C (January). The mean annual precipitation is 322 mm with 65% occurring from July to September. The mean annual pan evaporation amounts to 1900 mm. The zonal soils are chestnut and light chestnut, which are equivalent to Calcic-orthic Aridisol according to the Soil Taxonomy of United States Department of Agriculture [36]. In the soil profile, caliche resulting from the dissolving and leaching of CaCO3 by rainwater is commonly found in the form of either nodules or layers. The soil profile is stratified as 0–20 cm (Loam), 20–40 cm (Sandy loam), and 40–100 cm (Loam). The dominant plant species in the natural steppe were Stipa krylovii Roshev, Cleistogenes squarrosa, Artemisia frigida, and Leymus chinensis. The land use in the study area is for grazing and farming. The grassland in this area suffers from shrub encroachment by C. microphylla in many places, resulting in a landscape characterized by a mosaic of shrub and grass patches. C. microphylla (Figure 1a,b) has compound leaves and spines in the stem and widely distributes over gentle hillslopes or in places disturbed by overgrazing or strong anthropogenic activity. The experimental plot was 100% covered with shrubs and grasses. The landscape of the study site in the early growing season was shown in Figure 1b with an earlier flowering period of harvesting shrub (HS) than natural shrub (NS). In addition, the harvested and regrown shrub was obviously shorter than the natural, unharvested shrub (Figure 1c). The grazing pressure here increased from 0.91 sheep per hectare in 1950 to approximately 2.68 sheep per hectare in 2013 [36].




2.2. Observation of Soil Water Dynamics


The experimental plot (44 m × 68 m) of harvested plants versus not harvested were established in the shrub encroached grassland of Inner Mongolia Plateau of China. In August 2014, we built a fence to protect this flat and open area and established an automatic meteorological station there. We divided this plot into two parts. A large harvester machine was used in one part (Figure 1, 22 m × 68 m) to remove the aboveground biomass of grass and shrub together on September 2013, leaving the belowground portions of plants intact. The other part (22 m × 68 m) was kept in its original state. Four continuous soil moisture observation sites were established to monitor soil moisture under natural grass (NG), NS, harvesting grass (HG), and HS with one replicate for each treatment. However, one-year’s continuous monitoring was applied to verify the difference in soil moisture among the sites. The paired sample T-test was performed to compare group means in this study with SPSS 24.0 (IBM Corporation, Armonk, New York, United States, 2016) for soil moisture at different depths.



We totally installed twenty ECH2O 5TE sensors (Decagon Devices, Pullman, WA, USA) to measure the volume water content (VWC) (cm3cm−3) in September 2014. To eliminate the influence of disturbance of the installation of instruments, we collected soil moisture data from June 2015 to May 2016 to analyze the dynamics of soil water due to harvesting treatments. The ECH2O sensors can provide accurate, precise, and continuous measurements [37]. The 5TE probes determine VWC using capacitance to measure the apparent dielectric constant of the surrounding medium with a frequency of 70 MHz. The accuracy of the sensors amounted to ±0.012 for moisture measurement. Moreover, all the 5TE sensors were compared with each other before installation. Errors associated with the sensor-to-sensor variability were less than 2%. Two soil profiles were installed at each site, one of them beneath the standard C. microphylla canopy, and the other one in the interspace grass, approximately 2 m away from shrub canopy (Figure 1a). Five ECH2O 5TE sensors were used for each soil profile at the depths of 5 cm, 15 cm, 30 cm, 50 cm, and 80 cm to represent soil moistures of 0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm, and 60–100 cm with time intervals of 10 min. The temporal contour map of VWC from January 2015 to May 2016 used the daily average VWC and was processed in Surfer 15.0 (Golden Software Inc., Golden, CO, USA, 2017). Soil water storage (WS, mm) was calculated by VWC multiplying the corresponding soil thickness.




2.3. Shrub Pattern Analysis and Vegetation Investigation


In the harvesting and the control plots, three 5 m × 5 m quadrats for shrub patches and three 1 m × 1 m quadrats for interspace grass patches were established to analyze the patch configuration, biomass, and herb community. We pursued the plot investigation as below. First, we measured the crown diameters, height, and biomass of all shrub patches in three shrub quadrats. Second, we recorded species names and measured the mean cover, height, and biomass of each species in three 1 m2 herb quadrats. In detail, the aboveground biomass of shrub (AGB-s) and grass (AGB-g) were sampled by clipping live vegetation rooted within the quadrat to the ground surface. The biomass was determined by oven-drying at 65 °C to a constant weight. The average height and diameter of C. microphylla were assessed by measuring the three typical shrubs of each site six times in August 2016. The edges of the shrub patches in the field were visually identified based on the projective geometry of the crown shape and size of shrubs growing in isolation or in dense clusters. We divided the plot to 1 m × 1 m cells using ropes. The location and spatial patterns of shrub patches in each cell were recorded one by one on coordinate paper in the field and then digitized using ArcGIS 10 (ESRI Inc., Redlands, CA, USA, 2011); shrub coverage, size, and the spatial distribution of shrub patches were estimated using Fragstats 4 [38]. Shrub density refers to the number of shrubs within a unit area, whereas shrub cover refers to the ratio of the whole horizontal projection area of aboveground parts to the quadrat area. According to the guidebook of Fragstats [38], the largest patch index (LPI) quantifies the percentage of the total landscape area comprised by the largest patch. Euclidean nearest neighbor index (ENN) is the simplest measure of patch context and to quantify patch isolation. Landscape shape index (LSI) provides a standardized measure of the total edge or edge density that adjusts for the size of the landscape. Patch cohesion index (COHESION) measures the physical connectedness of the corresponding patch type. Landscape division index (DIVISION) is based on the cumulative patch area distribution and is interpreted as the probability that two randomly chosen pixels in the landscape are not situated in the same patch. Splitting index (SPLIT) increases as the landscape is increasingly subdivided into smaller patches. Aggregation index (AI) shows the frequency with which different pairs of patch types appear side-by-side on the map. These indices are calculated by the following equations:


  LPI =   max  (   a  i j    )   A  × 100  



(1)






  ENN =  h  i j    



(2)






  LSI =   0.25 ×   ∑   k = 1  m   e  i k  *     A     



(3)
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  SPLIT =    A 2      ∑   j = 1  n   a  i j     2     
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  AI =  [    ∑   i = 1  m   (     g  i i     m a x →  g  i i      )   P i   ]  × 100  



(7)




where,    a  i j     is the area (m2) of patch ij;  A  is total landscape area (m2);    h  i j     is the distance (m) from patch ij to the nearest neighboring patch of the same type, based on the shortest edge-to-edge distance, computed from cell center to cell center;    e  i k  *    is the total length (m) of the edge in the landscape between patch types i and k;    p  i j  *    is the perimeter of patch ij in terms of the number of cell surfaces;    a  i j  *    is the area of patch ij in terms of the number of cells;  Z  is the total number of cells in the landscape;    g  i i     is the number of like adjacencies (joins) between pixels of patch type (class) i based on the single-count method;   m a x →  g  i i     is the maximum of    g  i i    ;    P i    is the proportion of landscape comprised of patch type (class) i.




2.4. Plants Phenology Observation and Physiological Experiments


Phenology: we separately observed shrub and grass phenology under NG, NS, HG, HS, NSG (grass growing in natural shrub patch), and HSG (grass growing in harvesting shrub patch) for three growing seasons from 2015 to 2017. The growing season usually begins in April and ends in October. Generally, we observed every other day in spring and every three days in autumn. We selected 5 to 10 representative shrubs with marks and 40 herbs in each stage. The sample sites arrive at a certain phenology when more than half of these individuals show the characteristics of this phenology. We ignored grassland flowering phenology due to various species. The observation criteria and methods referred to the observation methods of phenology in China [39].



Water use sources (δ2H and δ18O): the isotope ratios in plants could be regarded as a mixture of that in several sources. The proportional contribution of these several sources to a mixture could be quantitatively determined by stable isotope mixing models. This model assumes that the source signatures closest to that of the mixture provide the greatest contribution [40]. Plants in water-limited areas mainly utilize soil moisture. Therefore, plant and soil samples for determination of isotope ratios were collected monthly at each site from May to October 2016. Soil samples were collected at 8 layers (0–5, 5–10, 10–20, 20–30, 30–40, 40–60, 60–80, 80–100 cm) using a 5 cm diameter hand bucket auger. There were three soil cores randomly drilled within the experimental plot at each sampling time. Concurrent with the soil sampling, non-photosynthetic and lignified twig sections were collected from 3 to 5 individual shrubs and grasses growing near the soil sampling cores at midday to ensure the establishment of isotopic steady-state conditions. Plant and soil samples were immediately put into 15 mL screw-cap glass vials and placed in a portable cooler for transporting back to the laboratory. Plant tissue and soil water samples were extracted with a cryogenic vacuum distillation system [41]. The isotopic composition of all of the liquid samples was analyzed by an Isotopic Ratio Infrared Spectroscopy (IRIS) system (Model DLT-100; Los Gatos Research, Mountain View, CA, USA) at the State Key Laboratory of Earth Surface Process and Resource Ecology, Beijing Normal University. The IsoSource program was applied to determine the fractional contribution of diverse water sources to plants [42]. The source increment was defined as 1% and mass balance tolerance was set at 0.1.



Water use efficiency (δ13C): the water use efficiency is typically defined as the ratio of biomass produced to the rate of transpiration. It is positively correlated with the foliage δ13C value in the long-term [43]. Foliage samples for stable carbon-isotope analysis were only collected during the growing season (May to September) of 2016. Samples were collected from 4 to 6 individuals of C. microphylla. The foliage was rinsed, dried to a constant weight at 70 °C for 48 h, ground to 40 mesh, and then subsampled. A total of 0.650 to 0.750 mg of Sample were put in a tin capsule and placed in the sample plate with individual cells orderly. Foliage samples were combusted and analyzed using a stable isotope analyzer with a part-per-billion level precision (Model G2201-I; Picarro Inc., Santa Clara, CA, USA).





3. Results


3.1. Landscape Patterns and Plant Characteristics Change after Harvesting


After three years after harvesting, the shrub cover of the cleared half part was 60% of the natural part in 2016 (Table 1). The shrub biomass of HS was still only 25% of the NS. According to the grass biomass and the cover of interspace grass patches, the grass had already recovered to the original state. The patch size of the removal part was about 40% smaller than the natural part, but they showed same patch density. Besides coverage, the removal shrub was 0.32 m shorter in average. Even though the harvesting part had a higher LPI, the largest patches of the two sites were similar due to a lower shrub cover of the harvesting part. ENN indicated the shrub patches were closer to the adjacent patches in the natural part than the harvesting part. In addition, the LSI and SPLIT both showed that natural shrubs were more dispersive among the patches than harvesting shrubs which we could also see from Figure 1. COHESION, DIVISION, and AI were close between the two groups. In brief, C. microphylla in the natural part was higher with a larger shrub cover and patch size, while distributed closer and more dispersive than the harvesting part.




3.2. Annual Dynamics of Soil VWC in Four Sites


Figure 2 provided the variation of VWC across a year by temporal interpolation. Firstly, the soil moisture was highest in autumn and spring, but lower in summer and winter in all sites. Secondly, the soil moisture increased after harvesting activity (HG and HS) accompanied by higher seasonal fluctuations. The difference between grass patches was higher than shrub ones. In April, spring rainfall and snowmelt brought a deeper wetting front in HG and HS (about 60 cm) than the natural parts (about 30 cm), which kept longer than about 30 days in the harvesting part than the natural part. In the comparison between shrub and grass, soil moisture beneath shrubs showed a larger fluctuation across a year with a higher VWC in the deep layers (60–100 cm), whereas the VWC of the deep layer under grass remained stable.



The paired sample T-test (Table 2) was applied to quantitatively analyze the difference of soil water status among four sites. VWC in HG was significantly higher than NG except for the deepest layer, especially in 20–40 cm which was about 2-fold of NG. Soil moisture beneath shrubs showed the same trend in all layers after harvesting (Table 2, HS-NS). In addition, VWC showed a larger variance between grass sites (HG-NG) than shrub sites (HS-NS), indicating that the removal displayed a stronger effect of soil water recovery beneath grass patches. In the comparison of soil moisture between shrub and grass, NS was lower than NG in the shallow layer (0–20 cm), while higher in other layers (20–100 cm). After harvesting, the VWC of HS and HG still followed the above trends except for 20–40 cm that HG was 0.018 higher than HS. According to these changes, harvesting seemed to benefit the soil water recovery, especially under grass patches.



The WS of four sites across a year are shown in Figure 3. Generally, WS followed the same trends of VWC. NG and NS had lower WS of monthly averages as 104.6 ± 6.4 mm and 123.7 ± 7.7 mm, which also did not vary much across the year. In contrast, HG and HS owned a higher storage of about 123.5 ± 12.7 mm and 129.2 ± 11.9 mm, showing a stronger seasonal fluctuation than the natural part. In addition, the WS of the four sites was characterized in a vertical distribution. The 0–20 cm layer of NG owned the largest proportion (25%), while the lowest was in 20–40 cm (14%), followed by an increasing WS in deeper layers (17%, 22%, and 22%). NS possessed an 18% higher storage than NG in total, while the structure of water storage (20%, 17%, 19%, 22%, and 22% at soil depths of –20 cm, 2–40 cm, 4–60 cm, 6–80 cm, 8–100 cm, separately) was similar to NG. Two years after harvesting, WS of grass patch increased by 18%. Moreover, the distribution of WS in HG changed a lot (27%, 24%, 20%, 14%, and 14% at the above 5 layers from 0–100 cm, separately). Water transferred from deep (6–100 cm) to upper layers (–40 cm) which occupied 52% of total water storage. HS possessed the highest WS of four sites with the similar vertical distribution of HG (22%, 20%, 23%, 18%, and 18% at the above 5 layers from –100 cm, separately). We can conclude that harvesting promoted water recovery in both shrub and grass patches, especially in later ones which narrowed the gap of WS between shrub and grass patches. Moreover, harvesting changed the WS distribution mode in which water moved from the deep to upper layers.




3.3. Impacts of Rainfall and Snowmelt Replenishment on Soil Moisture


Six rainfall events were separately chosen from summer, autumn, and spring to observe soil water dynamics after different rainfall intensities and durations. Soil moisture of 0–10 cm was analyzed here to compare the divergent rainfall replenishment due to its largest responses of all soil layers. This surface layer was also influenced greatest by harvesting activity (for example soil compaction), and its water dynamics could affect that of all the deeper layers. On the 27th of July (Figure 4a), VWC responded rapidly with sharp increases of 0.087, 0.045, 0.042, and 0.032 cm3cm−3 separately in NS, NG, HS, and HG to 16 mm rainfall with a strong intensity of 32 mm/h. On the 4th of August (Figure 4b), VWC of NS and NG still had a higher increment. In autumn, the rainfall events had a weaker intensity of about 2.1 mm/h (Figure 4c,d), VWC increased to 0.079, 0.075, 0.072 and 0.060 cm3cm−3 separately for NG, HS, NS, and HG, respectively. In spring, the rainfall intensity was the weakest at 0.51 mm/h and could last as long as 2 days. In response to 7.8 mm rainfall (Figure 4e), VWC increased by 0.100, 0.094, 0.072, and 0.070 cm3cm−3 separately in NG, HS, NS, HG, which was the largest increment of rainfalls. The rank was kept after the next rainfalls of 5 mm and 10.8 mm. Generally, VWC under NS and NG showed a stronger enhancement to strong rainfall intensity in summer while NG and HS gained a higher response to weak rainfall intensity in autumn and spring.



Even though HG exhibited the highest water recovery (Figure 2), the VWC of HG responded the least to all rainfalls (Figure 4). This paradox indicates that there are other factors contributing to water recovery. Winter snowfalls occupy 50% of the annual precipitation here. Spring snowmelt which replenishes soil all at once may also influence moisture recovery. Snow began to melt one week earlier for HS and HG than for NS and NG (Figure 5a,b). The surface layer fluctuated greatest of all layers. At the depth of 0–10 cm, the VWC increased by 0.166 and 0.143 cm3cm-3 in HG and HS, while NG and NS were about 0.130 cm3cm−3. The large daily fluctuation is due to the freezing and thawing of soil water which is caused by the large diurnal temperature difference. At 10–20 cm, the VWC increments were sorted as HG, HS, NG, and NS, ranging from 0.112 to 0.071 cm3cm−3. HS (0.075 cm3cm−3) started to exceed HG (0.062 cm3cm−3) from 20 to 40 cm, NS and NG were still behind them as 0.043 and 0.021 cm3cm−3. The VWC increment after snowmelt ranged from 0.009 to 0.021 cm3cm−3 at depths of 40–60 cm, sorted by HS, HG, NS, and NG. No significant changes were found at the deepest layer (60–100 cm). Therefore, the higher snowmelt replenishment may contribute to the water recovery of harvesting soil, especially under HG.




3.4. Impacts of Harvesting on Phenology and WUE


Phenology periods of shrub and grass were observed in the growing season from 2015 to 2017 (Figure 6). For shrubs, the results showed that HS had significant earlier phenologies by about 2.3 to 4.3 d than NS (p < 0.05), whereas the growing season length of HS was shorter than NS by about 1.3 d (p = 0.057). For grasses in shrub patches, harvesting activity also significantly advanced their phenologies about 1–2 d (0.9 d on average) in spring and 7.3 d in autumn (p < 0.05). At the same time, the growing season length was also shortened by 6.7 d in HSG at a significant level (p = 0.07). For interspace grasses, HG showed earlier phenological periods about 1.2 d (p < 0.05) than NG in spring. HG was earlier than NG by about 5 d of withering from 2015 to 2016, but later by 2 d in 2017. HG was also shorter by 4 d in growing season length than NG (p < 0.05). To sum up, harvesting operations obviously advanced the phenology of both shrub and grass and shortened the growing season length.



Furthermore, water use efficiency and the water source of shrubs were compared in Figure 7. Foliage δ13C is positively related to WUE. The result demonstrated that WUE gradually decreased across the growing season and harvesting activity triggered a higher WUE (Figure 7a,b). The average δ13C of NS and HS were separate as −26.49 ± 1.01‰ and −25.56 ± 0.73‰, increasing about 1‰. The fraction of water uptake showed that HS generally owned a shallower water source than NS (Figure 7c), which means shallow layers (0–40 cm) could support shrub growth in the larger proportion of HS (71.6%), though smaller in NS (40.3%) on average, especially in July and August. Besides, the water uptake of HS showed more plasticity to various layers while NG absorbed more water from the deep layer across the growing season.





4. Discussion


Harvesting activity promoted water recovery, especially under grass patches. After harvesting, the moisture condition between shrub and grass patches became closer and more aggregated on shallow layers. Furthermore, we summarized the causes and mechanisms of this phenomenon by discussing hydrological processes and plant physiological responses to harvesting.



4.1. Effect of Precipitation on Soil Moisture


4.1.1. Rainfall


Soil moisture was obviously enhanced after harvesting activity. Generally, the soil under NG and NS showed higher fluctuations to rainfall events (Figure 4). This may be caused by a lower infiltration in harvesting surface ground after rainfalls. Previous studies revealed that a decreased infiltration rate was caused by trampling in grazing activities [45]. The harvesting machine we used here was like trampling, compacting the soil while harvesting plants, especially on the surface layer. Therefore, it is reasonable that the infiltration rate here decreased after harvesting. Besides, it is contradictory that rainfall always triggered the lowest response on HG where water recovery was the highest of all sites (Figure 4). These results indicated that the other reason might benefit on soil water recovery after grassland harvesting.




4.1.2. Snowfall


Our study revealed that VWC of HG and HS fluctuated stronger and had a larger moisture supplement in all layers after snowmelt. It is an explanation for soil moisture recovery after harvesting. Our result was consistent with the previous study which proved that winter precipitation could enhance soil water content and storage [46]. However, the stable soil moisture after snowmelt on the depth of 60–100 cm may be caused by the existence of calcic horizon which functioned as a “dam” and has a very low hydraulic conductivity and inhibit further infiltration [36,47].





4.2. Water Consumption by Plants


The VWC and WS beneath HG and HS were higher than natural ones, especially between NG and HG with an 18% gap in total water storage (Figure 3). This was consistent with the study in Colorado, which suggested that soil moisture enhancement by grass removal was much higher than by shrub removal [48]. Besides snowmelt, this might also be caused by a higher water consumption in the natural part. In detail, the difference of VWC between NG and HG became larger and larger after the response peak to rainfalls (Figure 4b,e,f). Besides infiltrating the deeper layer, the decreased soil VWC of 0–10 cm might go back to the atmosphere by evapotranspiration. However, we observed that less VWC increments on deeper layers under natural ground, which meant that the soil water of 0–10 cm was consumed more in NG. There was a sharp drop in aboveground biomass and the coverage of shrub after harvesting. The biomass of HS was just one-quarter that of NS three years after harvesting (Table 1). Lower plant biomass would inevitably result in the reduction of plant transpiration and the total evapotranspiration of this part. In addition, the WUE of shrubs increased after harvesting (Figure 7a,b), which also decreased plant transpiration when producing the same amount of biomass. Therefore, the lower biomass and higher WUE of plants after harvesting combined to reduce evapotranspiration, contributing to water recovery.




4.3. Plant Physiological Responses


The growing season length of HS and HG was shorter than NS and NG. Most of the phenology periods were advanced as well. These changes in temporal niches shortened the water uptake time and might reduce the consumption of soil moisture. Besides phenology changes, HS also showed a shallower water use resource. This pattern may be caused by a rich soil moisture (Figure 2), less water consumes following shrub removal (Figure 4) or competition release in shallow water by less HSG biomass after harvesting. Moreover, consistent with the previous study [31], the WUE of shrub also increased after harvesting. These attributes all contributed to more water-saving shrubs after harvesting. Therefore, it was reasonable that soil water recovered after harvesting. Moreover, this effect would last for several years in semiarid environments due to the slow rates of restoration.




4.4. Predicted Future Scenario and Implications


Meanwhile, a remarkable shift from light to heavy rain events has been observed and winter precipitation amount/intensity has increased by 7% in arid and semi-arid regions of Northwest China, and winter is warming up by 0.37 °C/10 a [49,50,51]. The soil under the shrub would be expected to gain more available water than the soil under grass. This would interact with regional warming and further reinforce the effects of the microclimate [52]. Therefore, shrub expansion would be enhanced due to the higher rainfall intensity, longer drought interval, increasing winter precipitation amount, and warming [36].



Harvesting activity promoted the recovery of soil moisture and narrowed the WS difference between shrub and grass patches, which might weaken the shrub survival advantages in soil water availability under global warming and rainfall regime chances. The previous study proved that if not properly managed, the manual cleaning of shrubs might lead to higher densities over the long term than before the control because the disturbed soil was ideal for seedlings establishment [53]. However, we did not find the variation of shrub density under removal by the large harvester machine (Table 1). From the perspective of water conservation and control shrub encroachment, harvesting activity in shrub encroached grassland with appropriate frequency would be a good choice for grassland management.





5. Conclusions


	
Shrub patches showed a slow regeneration process. After three years’ recovery, C. microphylla was still 40% shorter than natural ones and sparsely distributed with a 60% of NS in shrub coverage and 25% of NS in aboveground biomass.



	
Harvesting has seemed to benefit the soil water recovery, especially under grass, impairing the “hydrologic island” effect of shrubs and promoting a balanced distribution of WS between shrub and grass.



	
HS was seemed to be more water-saving than NS due to a higher WUE. The shorter growing season and less biomass in HS, HG, and HSG might reduce the water uptake time and consumption of soil moisture than the natural part.



	
More snowmelt replenishment, lower water evapotranspiration, shorter growing season, higher WUE, and so forth could jointly contribute to the water recovery of harvesting soil, especially under HG.






Our study provides the first exploration of soil moisture dynamics and difference under harvesting and natural shrub/grass patches and tries to explain this phenomenon from rainfalls, snowmelt, and plant responses. Some of these results could be the basis for further studies and showed application value in shrub encroached grassland management. They also provide fundamental insights into widely understanding soil water dynamics of such valuable and vulnerable ecosystems in the world.
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Figure 1. (a) The shrub patch distribution patterns and the locations of the ECH2O 5TE sensors in harvesting and natural parts, NG: natural grass, NS: natural shrub, HG: harvesting grass, HS: harvesting shrub; (b) the landscape of the study site in the growing season; (c) the landscape of the study site before the growing season. 
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Figure 2. The volume water content (VWC) (cm3cm−3) dynamics by temporal interpolation across a year (June 2015 to May 2016). 
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Figure 3. The monthly dynamics of soil water storage in four sites from June 2015 to May 2016. (a)soil water capacity under natural grass (NG) patch; (b) soil water capacity under natural shrub (NS) patch; (c) soil water capacity under harvesting grass (HG) patch; (d) soil water capacity under harvesting shrub (HS) patch. 
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Figure 4. The variation of soil volumetric water content (VWC) at soil depths of 0–10 cm after rainfalls. (a) 16 mm, 2.6 mm, 6.3 mm; (b) 9 mm; (c) 12 mm; (d) 11.2 mm; (e) 7.8 mm, 5 mm; (f) 10.8 mm. The field capacity and wilting point refer to Yu et al. [44]. 
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Figure 5. The VWC variance in early spring (2016) for all sites from 0–100 cm. (a) VWC dynamics at 0–10 cm; (b) VWC dynamics at 10–20 cm; (c) VWC dynamics at 20–40 cm; (d) VWC dynamics at 40–60 cm; (e) VWC dynamics at 60–100 cm. 
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Figure 6. The phenologies of shrub and grass from 2015 to 2017. G: germination; SU: start of unfolding; UP: unfolding peak; SF: start of flowering; FP: flowering peak; W, withering. HSG: grass in harvesting shrub patch; NSG: grass in natural shrub patch. 
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Figure 7. (a) Shrub water use efficiency (reflected by foliage δ13C) in NS and HS across the growing season; (b) average δ13C of two groups from May to September; (c) shrub water uptake fraction of 0–100 cm soil water. 






Figure 7. (a) Shrub water use efficiency (reflected by foliage δ13C) in NS and HS across the growing season; (b) average δ13C of two groups from May to September; (c) shrub water uptake fraction of 0–100 cm soil water.



[image: Water 10 00736 g007]







[image: Table] 





Table 1. The comparison of landscape indices between natural and harvesting shrub encroached grassland.
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	Sites
	Shrub Cover
	Interspace Grass Cover
	Shrub Biomass
	Interspace Grass Biomass
	Patch Size
	HEIGHT
	Patch Density





	Natural shrub
	24.37%
	76.0%
	496.8 g/m2
	72.5 g/m2
	1.72 m2
	0.71 m
	0.14 m−2



	Harvesting shrub
	14.58%
	79.3%
	123.4 g/m2
	82.0 g/m2
	1.06 m2
	0.39 m
	0.14 m−2



	
	LPI
	ENN
	LSI
	COHESION
	DIVISION
	SPLIT
	AI



	Natural shrub
	5.53%
	0.46
	16.79
	95.53%
	97.87%
	46.91%
	92.11%



	Harvesting shrub
	10.13%
	0.51
	14.21
	95.49%
	96.94%
	32.73%
	92.60%







LPI: largest patch index; ENN: Euclidean nearest neighbor index; LSI: landscape shape index; COHESION: patch cohesion index; DIVISION: landscape division index; SPLIT: splitting index; AI: aggregation index.
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Table 2. The paired sample T-test of monthly average VWC.
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	Paired Sites
	0–10 cm
	10–20 cm
	20–40 cm
	40–60 cm
	60–100 cm





	HG-NG
	0.026 **
	0.051 **
	0.076 **
	0.035 **
	−0.028 **



	HS-NS
	0.011 **
	0.031 **
	0.026 **
	0.030 **
	−0.025 **



	NG-NS
	0.006 *
	0.012 **
	−0.031 **
	−0.027 **
	−0.023 **



	HG-HS
	0.021 **
	0.032 **
	0.018 *
	−0.021 **
	−0.026 **







* significant at p = 0.05 confidence level; ** significant at p = 0.01 confidence level.
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