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Abstract

:

The depth and fluctuation of shallow groundwater influence water supply to land surface vegetation. Knowledge of an ecologically ideal depth range of shallow groundwater for a vegetation ecosystem can be crucial for sustainability of regional water resource management and ecological conservation. In this study, we developed a conceptual model that identifies an upper and a lower boundary of shallow groundwater for sustaining present vegetation ecosystems, termed ecologically ideal shallow groundwater depth (EISGD). We then applied the conceptual model to the Sanjiang Plain (10.9 × 104 km2) in northeast China in order to gain insights into sustainable shallow groundwater usage in this intensively irrigated agricultural region. Using soil capillary rise, plant rooting depth, extinction depth, and the actual groundwater depth, we identified an upper boundary range of EISGD between 0.5 and 2.8 m and a lower boundary range of EISGD between 2.0 and 14.3 m for different vegetation covers in the Sanjiang Plain. Based on the ranges, we estimated allowable shallow groundwater withdrawal (i.e., without degrading the present vegetation ecosystem) for the region and identified an area of 2.54 × 1010 m2 with a total of 9.14 × 108 m3 water deficit. Currently, the entire Sanjiang Plain has a total volume of 45.30 × 108 m3 EISGD allowable shallow groundwater withdrawal, thus the plain’s northeast region can be considered as having a high allowable pumping capacity. This study demonstrates that application of an EISGD concept can be useful for developing regional management strategies and plans for ecological protection and sustainable groundwater utilization.
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1. Introduction


The depth and fluctuation of shallow groundwater (SG) (usually <30 m) influence water availability to terrestrial ecosystems. Different SG depths support different vegetation communities, creating a diverse landscape [1,2,3,4,5,6]. Knowledge of the range of ideal SG depths for diverse vegetation covers provides important information for protecting both the ecosystem and sustainable water resources management at the landscape scale.



The importance of SG depth for vegetation growth, composition, and structure has long been recognized. Many studies have shown that the growth of woody plants and herbaceous species are greatly affected by shallow groundwater depth and its fluctuation [7,8,9,10,11,12,13]. In a recent study, Lowry et al. [14] found that shallow groundwater depth could also control vegetation composition and patterning in mountain meadows. In a study on the global pattern of shallow groundwater table in relation with wetlands and vegetation types, Fan et al. [13] found that shallow groundwater influenced 22% to 32% of the global land area, one third to half of which was vegetated land surface. Satchithanantham et al. [15] reported that 92% of the water used for potato cultivation in southern Manitoba was from shallow groundwater. From their study on the interactions between groundwater, surface water, and riparian vegetation at the lower Tarim River in northwest China, Schilling et al. [16] reported an inverse linear relationship of tree ring growth to the depth to groundwater.



In order to assess the availability of groundwater for vegetative ecosystems, several researchers introduced a term for a specific shallow groundwater depth that is ideal for supporting certain surface vegetation. Zhang et al. [17] suggested a regional ecological groundwater table (EGWT) in a range of 2–10 m for the Huabei Plain in China, one of the largest alluvial plains in the world. Based on their field observations, Zhang et al. [18] proposed an EGWT (from 3 to 10 m) for the Haihe Valley in east China and Sun et al. [19] recommended an EGWT from 2 to 17 m for different areas in the Sanjiang Plain in northeast China. For the arid region in northwest China Brunner et al. [20,21] developed an approach to generate maps of phreatic evaporation and subsequent soil salinization using remote sensing and stable isotopes. Sun et al. [22] made an estimation of ecological water demand for the lower Liaohe River Plain in north China, and Sun et al. [23] made an estimation based on an empirical range assumption of the capillary rise of a phreatic surface. Rong et al. [24] explored several methods to estimate EGWT for the lower Tarim River Basin in the arid region of west China and suggested an ideal shallow ground depth of 4–6 m. Xin et al. [25] argued that an EGWT should be undertaken whenever a region needs to develop a groundwater pumping plan. Collectively, these studies introduced the idea and necessity of developing ecologically ideal groundwater depths for vegetation ecosystems. However, none of them considered spatial distribution of vegetation types across the landscape while making a suggestion for ideal regional shallow groundwater depth. Also, the studies often used empirical judgment and arbitrary assumptions to make estimates for EGWT, making it difficult to evaluate their validity. In general, a well-defined concept for an ecologically ideal groundwater table is lacking. Such an ecologically-based hydrogeological concept can be useful for developing practical management plans to protect groundwater resources and the environment.



Different vegetation types have different intensive rooting depths. Information on the spatial variability of vegetation is crucial for determining the ecologically ideal groundwater depth. Theoretically, a similar plant ecosystem could exist in places under different groundwater depths (e.g., many conifer trees species). This is because climatic factors, such as precipitation and evapotranspiration, affect water supply as well. However, a plant ecosystem may shift if the present shallow groundwater depth drastically changes. In the past several decades, shallow groundwater depths in many regions of the world have been reported to have decreased largely due to intensive agriculture and urbanization—for instance, in the Sanjiang Plain, northeast China [26]; in the High Plain (Ogallala Aquifer), Central USA [27,28]; and in East Anglia, England [29]. The knowledge of a threshold boundary of shallow groundwater for certain vegetation covers can be critical for developing integrated management strategies and plans to support regional ecosystem protection, sustainable agriculture, and groundwater resources management. It is, therefore, of relevance to both scientific research and management practices to develop a simple, useful method for identifying ecologically ideal shallow groundwater depths (EISGD).



The Sanjiang Plain is one of China’s most important grain production regions with a total arable land of 3.67 × 104 km2. It is also the largest inland freshwater wetland region in China, with a total wetland area of 1.14 × 104 km2 [30]. Annually, a total of 2.57 × 109 m3 of groundwater is used for agriculture irrigation in the Sanjiang Plain, which accounts for 60% of the total groundwater pumpage in the region [31]. Continuous use of a large quantity of groundwater has generated concerns, as researchers found a considerable drop in the regional shallow groundwater. For instance, Zhao et al. [26] reported a 5-m decline of the shallow groundwater level in the central Sanjiang Plain and a large area of cone of depression in the northwest Sanjiang Plain over the past 50 years. The large usage of groundwater in the region, together with the large-area conversion of wetlands for rice cultivation over the past three decades, has been also reported to have an impact on surface water [32,33] and groundwater quality [34], due probably to an accelerated interaction between the surface water (rivers and wetlands) and groundwater. With the shallow groundwater depth dropping, the region has experienced wetland degradation across a large area. Song et al. [35] reported that, in total, about 80% of the wetlands in the Sanjiang Plain disappeared since the 1960s. Collectively, these issues raise serious concerns over the long-term development of regional agriculture, economy, and environmental health. Management strategies and plans are needed to protect the region’s groundwater resources and wetlands. As a first step, it is important to identify a spatially explicit groundwater range that is ecologically ideal in supporting current vegetation covers in the region. This knowledge can be very helpful for local water resources management and ecosystem preservation efforts.



To our best knowledge, no studies have been done in identifying an ecologically ideal shallow groundwater depth. While the studies mentioned above [17,18,19,20,21,22,23,24,25] were successful in making a connection between shallow groundwater and vegetation growth in each particular region, they did not include developing a specialized, and potentially universal, method for separating climate- and soil-related effects from vegetation dependency on shallow groundwater. In general, a specific theoretical concept and a well-outlined quantitative approach are lacking. In this study, we developed a concept for defining the depth range of shallow groundwater that is necessary for sustaining present vegetation ecosystems, termed “ecologically ideal shallow groundwater depth” (EISGD). We then applied the approach to the Sanjiang Plain in northeast China to assess EISGDs for several major vegetation covers in the region.




2. Study Area


Covering a total land area of 10.9 × 104 km2, the Sanjiang Plain is located in Heilongjiang Province, northeast China (Figure 1). It is a large alluvial floodplain formed in the lower reach of three rivers, the Songhua, Heilong, and Wusuli (Sanjiang in Chinese literally means three rivers). The Heilong and Wusuli Rivers are international rivers draining China’s and Russia’s territorial lands with an annual average yield of 346.5 billion m3 and 61.9 billion m3, respectively. Flowing across the Sanjiang Plain in China, the Songhua River yields a long-term annual average of 72.7 billion m3 [26].
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Figure 1. Geographical location of the Sanjiang Plain in Heilongjiang Province, northeast China, and the groundwater monitoring well sites used in this study. 






Figure 1. Geographical location of the Sanjiang Plain in Heilongjiang Province, northeast China, and the groundwater monitoring well sites used in this study.



[image: Water 07 03997 g001]





The climate of this region can be characterized as temperate continental monsoon, with a long-term annual average temperature of 2.8 °C and an annual average precipitation of 500–650 mm, more than 60.0% of which occurs within the three months from June to August [36]. The topography of this region is flat and much of the region is located on a floodplain with a slope gradient between 0.01% and 0.02%. The west edge and southeast edge of the Sanjiang Plain are the Xiaoxinganling Mountain and the Wanda Mountain with elevations of 1429 m a.s.l. and 831 m a.s.l., respectively. The region is largely covered by Quaternary alluvial sediments (loam), where the major mining layers of groundwater are located. Based on the geological age, geomorphology, lithology, and burial depth, the aquifer formations can be classified as (1) quaternary loose deposits of sand gravel pore water formation; (2) tertiary sandstone siltstone interlayer pore water formation; and (3) quaternary bedrock fissure water formation. The aquifer materials consist of loam, fine sand, medium sand, sandy clays, and silts [26].



Vegetation covers of the Sanjiang Plain have changed considerably in the past decade. In the past half century, a large area of wetlands has been converted into agricultural farmland [35]. In the past 10 years, the area of woodland, meadow, and wetlands has further decreased by 0.58%, 12.53%, and 4.41%, respectively, whereas the land areas for rice paddies increased by 2.08% [36]. In addition, some areas of soil in the Sanjiang Plain have become salinized, and the degree of salinity is high. With a large quantity of shallow groundwater being pumped annually for irrigation, the trend of salinity qualification increases [37]. Currently, major land use/land cover types in the Sanjiang Plain include wetland, rice paddy, crop upland, woodland, and meadow. The wetlands occupy 9.2% (or 1.00 × 104 km2), the arable land (sum of rice paddy and cropland) 53.6% (or 5.57 × 104 km2), the woodland 33.1% (or 3.40 × 104 km2), and the meadows 4.1% (or 0.40 × 104 km2) [35,38]. Rice is the dominant crop in the region.




3. Methodology


3.1. Conceptual Framework of an Ecologically Ideal Shallow Groundwater Depth (EISDG)


In this study, we propose to use capillary rise, extinction depth of shallow groundwater evaporation, and rooting depth to determine an upper boundary and a lower boundary of shallow groundwater for a certain vegetation type (Figure 2). The concept of determining the boundaries for an ecologically ideal shallow groundwater depth is based on preservation of the present vegetation. When shallow groundwater level rises to the surface or near-surface, plant roots switch to an anoxia environment. Most xeric plants cannot tolerate extended period of saturation [39,40]. In addition, if the surface soil is rich in salt, rising of shallow groundwater level may lead to surface salt accumulation in some climate regions degrading soil quality [41,42]. On the other hand, when the shallow groundwater level declines to deeper depths, it becomes inaccessible to plant roots and groundwater transpiration is nearly zero [43]. Over a long period of time with shallow groundwater decline, surface vegetation communities (e.g., farmland, woodland, meadow, and wetlands) will degrade or shift to different communities.
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Figure 2. Flow chart of the conceptual model for determining ecologically ideal shallow groundwater depth (EISGD). 
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3.1.1. Determining the Upper Boundary of EISGD


For some vegetation types, in particular upland farmland, a change in shallow groundwater depth is related to capillary rise and plant root uptake. If the shallow groundwater depth rises enough, it would possibly accumulate salts in the upper soil layer in regions with high soil salt contents, which can be detrimental to vegetation. For those regions, it is ideal that shallow groundwater depth does not frequently rise up above the height reachable through capillary rise and plant root uptake. Thus, we define the sum of capillary rise height and rooting depth as the upper shallow groundwater boundary depth (Figure 3). The height of capillary rise can be obtained using the visual method by measuring the wetting front of a soil column. Lago and Araujo [44] used this method (a vertical capillary tube) to obtain the capillary rise height in porous media. Fries et al. [45] used the same method to calculate the capillary rise height and obtained a satisfactory result.
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Figure 3. Diagram showing the conceptual upper groundwater boundary that is crucial to the stability of a present vegetation system. 
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The height and velocity of capillary rise are a function of time [45] (Figure 4a). If the velocity of capillary rise is steady-state, the height of corresponding point of time (Figure 4b, tm) can be considered as the maximum of CRHP (Figure 4a, hm).
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Figure 4. Schematic diagram of the capillary rise height (a) and the velocity of capillary rise (b). 
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3.1.2. Determining the Lower Boundary of EISGD


The survival and growth of vegetation can be affected by shallow groundwater depth and its fluctuation. Therefore, the shallow groundwater depth should sustain a certain range; the deepest line where the evaporation of groundwater is zero, beyond which it would lead to the vegetation degradation or shift, we defined as the lower boundary of EISGD (Figure 5). The lower boundary of EISGD is expressed in the form of extinction depth, which can be estimated with Averianov, S’ equation [46,47]. Sun et al. [21] found Averyanov’s equation very useful and applied it to estimate the extinction depth of phreatic surface for the lower Liaohe River Plain in northeast China.
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Figure 5. Diagram showing the conceptual lower groundwater boundary that is crucial to the stability of a present vegetation system. 
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To calculate extinction depth, three time points need to be identified on a groundwater fluctuation curve (Figure 6) during which no or minimal precipitation occurs. We obtained the slope (  i  ) and groundwater depth (  h  ) of each point.
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Figure 6. (a) Schematic diagram of a shallow groundwater depth fluctuation curve, whereby i and h are the slope and groundwater depth of each point, respectively; (b) Shallow groundwater depths of four representative wells on the Sanjiang Plain, Northeast China. 
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   A E T =μ   d h   d t   =  E  p a n     ( 1 −  h L  )  n    



(1)




   A E T    is the actual evaporation,     E  pan      is the potential evaporation,   L   is the extinction depth (groundwater depth where evapotranspiration is zero), and μ is the specific yield.



When identifying the time points in the groundwater depth fluctuation curve (Figure 6), the following requirements have to be met:


      h 1     h 2    =    h 2     h 3      



(2)







Using      d h   d t      to replace the   i  , we then obtained the following equation:


   μ i =  E  pan     ( 1 −  h L  )  n    



(3)







The following equation can be obtained for each point based on Equation (3):


    {    μ  i 1  =  E  pan     ( 1 −    h 1   L  )  n      μ  i 2  =  E  pan     ( 1 −    h 2   L  )  n      μ  i 3  =  E  pan     ( 1 −    h 3   L  )  n        



(4)







By transforming the above equations the following can be obtained:


    {    1 −   (    μ  i 1     E  pan      )    1 n    =    h 1   L      1 −   (    μ  i 2     E  pan      )    1 n    =    h 2   L        



(5)







Equation (6) can be obtained by putting one equation divided by another one, aiming to obtain       h 1     h 2      :


     1 −    (    μ  i 1     E  pan      )     1 n      1 −    (    μ  i 2     E  pan      )     1 n      =    h 1     h 2      



(6)







Putting       h 1     h 2    = a    into Equation (6), Equation (7) can be derived:


   1 −   (   μ  i 1     E  pan     )    1 n    = a − a   (   μ  i 2     E  pan     )    1 n      



(7)







Meanwhile, we also can obtain the following equation:


   1 −   (   μ  i 2     E  pan     )    1 n    = a − a   (   μ  i 3     E  pan     )    1 n      



(8)







Then we can obtain the following equation by combining Equations (7) and (8):


     (   μ  i 2     E  pan     )    1 n    −   (   μ  i 1     E  pan     )    1 n    = a   (   μ  i 3     E  pan     )    1 n    − a   (   μ  i 2     E  pan     )    1 n      



(9)







     (  μ   E  pan     )    1 n       was divided by the two sides of equation, we obtained the following Equation (10):


   ( 1 + a ) ·   (  i 2  )    1 n    =   (  i 1  )    1 n    + a   (  i 3  )    1 n      



(10)







Therefore, we can obtain the value of   n  .



According to Equation (4), Equation (11) can be obtained:


     (    i 1     i 2    )    1 n    =   L −  h 1    L −  h 2      



(11)







Putting    b =   (    i 2     i 1    )    1 n       into Equation (11), finally we obtain the extinction depth of phreatic surface as shown below:


   L =    h 2  − b  h 1    1 − b     



(12)









3.3. Data Collection


We collected the most recent years’ records on shallow groundwater depths across the Sanjiang Plain (Figure 1). The data, obtained from the Jiamusi Bureau of Hydraulics, included depth measurements of 102 wells over the period from 2008 to 2013. Groundwater depths in these wells were recorded with an automatic water level recorder (Odyssey, Dataflow Co., Christchurch, New Zealand). In this study, we used groundwater levels recorded on the 1th, 6th, 11th, 16th, 21th, and 26th days of each month for six years from 2008 to 2013. The shallow groundwater depths from 2008 to 2012 were used to calculate the extinction depth, and the average groundwater depths in 2013 was used to evaluate the groundwater storage condition [38].



To estimate evaporation of phreatic surface, we collected climatic data recorded at eight national weather stations in the region. The data were obtained from the Chinese Meteorological Data Sharing Service System and covered a period from 1958 to 2011. When calculating the evaporation of phreatic surface, potential evaporation rates based on the meteorological data were estimated and applied to the corresponding regions.




3.4. Field Survey and Sampling


To determine the capillary rise of 18 major soil types in the Sanjiang Plain, soil sampling was conducted at 54 sites across the region (Figure 7). At each site a 150-cm deep profile was dug (Figure 7) in order to collect samples from 0-cm, 20-cm, 40-cm, 60-cm, 80-cm, 100-cm, and 150-cm depths (Figure 7). Composite samples were made from three sites of a same soil type.
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Figure 7. Soil sampling locations and soil types in the Sanjiang Plain (a); soil profile (b); and vertical tubes used for measuring capillary rise (c). 
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Soil samples from different sites and depths were air-dried in the shade, ground, and sieved through a 2-mm sieve. Each of the samples was filled into a 160-cm long tube with a diameter of 2 cm (Figure 7). The tubes were installed vertically. Capillary rise heights of different sites in the tubes were recorded (Figure 8), as well as the capillary rise velocity (Figure 9). If capillary rise velocity was less than 0.005 cm/h, the height of correspond point of time was considered as the maximum capillary rise of phreatic surface (CRHP) for the soil sample.
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Figure 8. Capillary rise of 18 major soil types in the Sanjiang Plain, Northeast China. (a) S1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6; (g) S7; (h) S8; (i) S9; (j) S10; (k) S11; (l) S12; (m) S13; (n) S14; (o) S15; (p) S16; (q) S17; (r) S18. 
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Figure 9. Velocity of capillary rise of 18 major soil types in the Sanjiang Plain, Northeast China. (a) S1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6; (g) S7; (h) S8; (i) S9; (j) S10; (k) S11; (l) S12; (m) S13; (n) S14; (o) S15; (p) S16; (q) S17; (r) S18. 
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In October 2013 we conducted field survey of rooting depth for several major plants and wood plants on the Sanjiang Plain. Intensive rooting depths of rice, corn, bean, Negundo artemisia, and green bristlegrass (Table 1) were measured through digging soil pits and the soil profiles.



In addition, we also used previously published data from two studies on wood plant below-ground growth in northeast China [48,49] for determining wood plant (Lespedeza and Moraceae) rooting depths in the Sanjiang Plain (Table 1).
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Table 1. Average rooting depths of major vegetation types on the Sanjiang Plain, Northeast China. The rooting depths were used to define their EISGD boundaries.
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Main Plants

	
Rooting Depth/m






	
Rice

	
0.2




	
Corn

	
0.4




	
Bean

	
0.2




	
Negundo artemisia

	
0.1




	
Green bristlegrass

	
0.3




	
Lespedeza

	
1.8




	
Moraceae

	
2.2










3.5. EISGD Boundary Mapping and Regional Assessment


Once the upper and lower EISGD boundaries were identified, we applied geospatial kriging technique to create spatial maps of EISGD for regional assessment. We used the mapping to assessment the condition of 2013 shallow groundwater of the Sanjiang Plain (Figure 10). Based on the mapping we defined three regions under different shallow groundwater conditions: (1) “excess region,” a region whose shallow groundwater depth is above the upper boundary of EISGD (often near the surface); (2) “suitable region,” a region whose shallow groundwater depth is within the upper boundary and the lower boundary of EISGD; and (3) “deficit region,” a region where shallow groundwater depth is beyond the lower boundary of EISGD and sometimes far outside the range of EISGD.



We obtained the suitable regions by using the conditional function of “con(x)” in the Roster calculation of the ArcGIS software package (Eris Co., 2010, Redlands, CA, USA) using the following logic:
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Figure 10. Groundwater depth for 2013 in the Sanjiang Plain, Northeast China. 
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If the actual groundwater depth of an area (b1) is less than its upper boundary of EISGD (b2), the area belongs to the excess region;



If the actual groundwater depth of an area (b1) is between its upper boundary of EISGD of an area (b2) and its lower boundary of EISGD (b3), the area belongs to the suitable region;



If the actual groundwater depth of an area (b1) is greater than its lower boundary of EISGD (b3), the area belongs to the deficit region.




3.6. Allowable Withdrawal of EISGD-Based Shallow Groundwater


Using the information on spatial distribution of EISGD and current shallow groundwater depth, we estimated allowable shallow groundwater withdrawal. The computation used the following equation:


   Δ Q =μ· A ·   Δ h   Δ t     



(13)




where    Δ Q    is the changing groundwater quantity within a certain time interval;   μ   is the specific yield;   A   is the region area;    Δ h    is the difference between the final groundwater depth and initial groundwater depth corresponding to the    Δ t   ; and    Δ t    is the unit, time.





4. Results


4.1. Boundary of EISGD


For the five major vegetation types in the Sanjiang Plain, we identified a lower EISGD boundary range between 2.0 m and 14.3 m (Table 2 and Figure 11) and an upper EISGD boundary range between 0.5 m and 2.8 m (Table 2, Table 3, and Figure 12).
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Table 2. The lower boundary of ecologically ideal shallow groundwater depth (EISGD) of the Sanjiang Plain in Northeast China. An EISGD lower boundary represents the hypothetical extinction depth of a certain vegetation cover (for further explanation, see Section 3.1.2).
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City

	
Well ID

	
Lower of EISGD/m

	
Mean/m






	
Fuyuan

	
10178180.00

	
10.5

	
12.1




	
10178080.00

	
6.2




	
10500400.00

	
9.5




	
10178060.00

	
10.6




	
10178090.00

	
18.5




	
10178110.00

	
22.4




	
10178140.00

	
10.6




	
10178100.00

	
8.1




	
10178170.00

	
12.5




	
Raohe

	
10561040.00

	
9.8

	
8.7




	
10561040.00

	
8.4




	
10561110.00

	
7.6




	
10561070.00

	
7.4




	
10500330.00

	
8.3




	
110561080.00

	
8.6




	
10500020.00

	
8.2




	
10561190.00

	
9.3




	
10561220.00

	
9.6




	
10561230.00

	
9.7




	
Baoqing

	
10573040.00

	
2.9

	
2.3




	
10573140.00

	
1.7




	
10573080.00

	
1.9




	
10573060.00

	
1.9




	
10573010.00

	
1.8




	
10573050.00

	
2.0




	
10573120.00

	
2.6




	
10573110.00

	
2.3




	
10573070.00

	
2.8




	
10573200.00

	
2.9

	




	
Fujin

	
10577150.00

	
6.9

	
7.3




	
10577110.00

	
7.5




	
10577190.00

	
7.6




	
10700151.00

	
7.2




	
Youyi

	
10575060.00

	
6.1

	
7.8




	
10575030.00

	
9.5




	
Shuangyashan

	
11168020.00

	
4.8

	
3.5




	
11168040.00

	
3.6




	
11168030.00

	
2.2




	
Jixian

	
11100592.00

	
18.9

	
14.8




	
11169010.00

	
10.7




	
Huachuan

	
10779050.00

	
9.3

	
7.1




	
10779030.00

	
4.9




	
10779020.00

	
8.6




	
10779070.00

	
5.2




	
10779060.00

	
6.5




	
10779040.00

	
7.8




	
Suibin

	
10779531.00

	
7.0

	
8.2




	
10100140.00

	
9.1




	
10779550.00

	
7.0




	
10779570.00

	
7.7




	
10779580.00

	
8.5




	
10779540.00

	
8.4




	
10779520.00

	
9.0




	
10779650.00

	
9.1




	
Luobei

	
10471050.00

	
9.1

	
8.1




	
10471120.00

	
6.6




	
10471030.00

	
7.2




	
10471020.00

	
7.6




	
10471130.00

	
7.4




	
10471100.00

	
8.6




	
10471080.00

	
9.2




	
11100540.00

	
8.7




	
Jiamusi

	
10778430.00

	
7.8

	
8.6




	
10700120.00

	
9.3




	
10778470.00

	
8.2




	
10778040.00

	
8.6




	
10778030.00

	
9.2




	
Tangyuan

	
11165030.00

	
8.5

	
7.7




	
11100520.00

	
6.6




	
11100520.00

	
7.2




	
11165060.00

	
7.6




	
11165090.00

	
8.5




	
11165120.00

	
6.9




	
11165080.00

	
7.8




	
11165160.00

	
8.2




	
Tongjiang

	
10473100.00

	
7.8

	
6.3




	
10473120.00

	
4.8




	
Huanan

	
11100370.00

	
8.6

	
5.1




	
11100350.00

	
5.5




	
11163050.00

	
4.4




	
11163070.00

	
3.5




	
11163080.00

	
3.9




	
11163090.00

	
4.3




	
11163110.00

	
5.4




	
11163100.00

	
5.5




	
Boli

	
11162020.00

	
5.3

	
7.0




	
11162040.00

	
8.9




	
11162030.00

	
6.5




	
11162010.00

	
7.4




	
Qitaihe

	
11100290.00

	
2.0

	
2.0
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Figure 11. Spatial distribution of the lower boundary of ecologically ideal shallow groundwater depth (EISGD) in the Sanjiang Plain, northeast China. Five major vegetation types in the region were identified a lower EISGD boundary ranging from 2.0 to 14.3 m. 
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Table 3. Capillary rise heights of phreatic surface (CRHP) on the Sanjiang Plain, Northeast China, and the regressions used for their estimation.
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Sites

	
Functions

	
Fitting Curve

	
R²

	
CRHP(m)






	
S1

	
h-t

	
y = 14.153ln(x) + 13.978

	
0.9051

	
1.8




	
v-t

	
y = 27.082x −0.764

	
0.9825




	
S2

	
h-t

	
y = 1.42ln(x) + 11.898

	
0.9744

	
0.5




	
v-t

	
y = 12.976x−0.924

	
0.9995




	
S3

	
h-t

	
y = 5.0915ln(x) + 7.6914

	
0.8948

	
0.6




	
v-t

	
y = 7.3382x−0.696

	
0.9930




	
S4

	
h-t

	
y = 5.7629ln(x) + 5.8171

	
0.8591

	
0.7




	
v-t

	
y = 6.2311x−0.655

	
0.9921




	
S5

	
h-t

	
y = 10.105ln(x) + 6.7279

	
0.8477

	
1.2




	
v-t

	
y = 8.5344x −0.617

	
0.9913




	
S6

	
h-t

	
y = 7.3208ln(x) + 6.3176

	
0.8893

	
0.9




	
v-t

	
y = 7.1143x−0.64

	
0.9941




	
S7

	
h-t

	
y = 1.9782ln(x) + 23.331

	
0.8062

	
1.1




	
v-t

	
y = 27.691x−0.967

	
0.9999




	
S8

	
h-t

	
y = 16.815ln(x) + 10.936

	
0.9167

	
0.7




	
v-t

	
y = 18.127x−0.668

	
0.9956




	
S9

	
h-t

	
y = 11.108ln(x) + 7.3621

	
0.8959

	
1.4




	
v-t

	
y = 11.794ln(x) + 5.068

	
0.9003




	
S10

	
h-t

	
y = 10.085x−0.63

	
0.9967

	
1.1




	
v-t

	
y = 10.372x−0.639

	
0.9943




	
S11

	
h-t

	
y = 1.3546ln(x) + 19.87

	
0.9410

	
0.5




	
v-t

	
y = 23.749x−0.981

	
0.9999




	
S12

	
h-t

	
y = 3.4666ln(x) + 27.556

	
0.9055

	
0.5




	
v-t

	
y = 30.547x−0.926

	
0.9997




	
S13

	
h-t

	
y = 9.5032ln(x) + 4.1629

	
0.8833

	
1.2




	
v-t

	
y = 7.3138x−0.609

	
0.9928




	
S14

	
h-t

	
y = 13.531ln(x) + 2.4436

	
0.8414

	
1.4




	
v-t

	
y = 6.9448x−0.539

	
0.9829




	
S15

	
h-t

	
y = 8.1193ln(x) + 9.6878

	
0.9263

	
0.6




	
v-t

	
y = 11.793x−0.709

	
0.9966




	
S16

	
h-t

	
y = 10.402ln(x) + 12.814

	
0.9696

	
1.2




	
v-t

	
y = 23.37x−0.795

	
0.9994




	
S17

	
h-t

	
y = 11.271ln(x) + 4.0682

	
0.8676

	
0.5




	
v-t

	
y = 7.3882x−0.58

	
0.9922




	
S18

	
h-t

	
y = 7.2199ln(x) + 1.981

	
0.8466

	
0.9




	
v-t

	
y = 4.384x−0.568

	
0.9902
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Figure 12. Spatial distribution of the upper boundary of ecologically ideal shallow groundwater depth (EISGD) in the Sanjiang Plain, northeast China. Five vegetation types in the region were used for defining an upper EISGD boundary ranging from 0.5 and 2.8 m. 
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The rice paddies showed a range between 1.1 and 12.2 m, with a mean value of 6.7 m. The meadows had a wider range of EISGD from 0.8 to 13.9 m, with an average of 7.3 m. For the woodland areas, we identified an EISGD range between 2.4 and 14.3 m, with a mean of 8.3 m. For the crop farmland, we found an EISGD range between 0.8 and 9.3 m, with a mean of 5.1 m. For the wetlands, we identified an EISGD range between 0.5 and 13.4 m, with an average of 6.9 m (Figure 13). Spatially, the deepest and shallowest lower boundaries of EISGD occurred in the northeast and southeast areas of the Sanjiang Plain, respectively (Table 2 and Figure 11). The deepest and shallowest upper boundaries of EISGD were located in the north and southeast of the Sanjiang Plain, respectively (Table 3, Table 4 and Figure 12). As for the entire Sanjiang Plain, the largest (13.9 m) and smallest (6.4 m) range of EISGD mainly occurred in the northeast and central Sanjiang Plain, respectively (Figure 13), indicating a potentially higher pumping capacity of the area when compared with other areas on the Sanjiang Plain.
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Figure 13. Ranges of ecologically ideal shallow groundwater depth (EISGD) in the Sanjiang Plain, northeast China. Average EISGD was estimated for five major vegetation types including rice paddies (6.7 m), meadows (7.3 m), woodland areas (8.3 m), crop farmland (5.1 m), and wetlands (6.9 m). 
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Table 4. The upper boundary of ecologically ideal shallow groundwater depth (EISGD) of the Sanjiang Plain in Northeast China.
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Site

	
Land-Use Type

	
CRHP (m)

	
Plant Rooting Depth (m)

	
The Lower of EISGD (m)

	
Mean (m)






	
S1

	
corn

	
1.6

	
0.4

	
2.0

	
1.6




	
S3

	
corn

	
0.6

	
0.4

	
1.0




	
S9

	
corn

	
1.4

	
0.4

	
1.8




	
S16

	
corn

	
1.2

	
0.4

	
1.6




	
S2

	
wetland

	
0.5

	
-

	
0.5

	
0.8




	
S5

	
wetland

	
1.2

	
-

	
1.2




	
S6

	
wetland

	
0.9

	
-

	
0.9




	
S11

	
wetland

	
0.5

	
-

	
0.5




	
S18

	
wetland

	
0.9

	
-

	
0.9




	
S7

	
meadow

	
0.4

	
0.4

	
0.8

	
1.2




	
S10

	
meadow

	
1.4

	
0.4

	
1.8




	
S12

	
meadow

	
0.6

	
0.4

	
1.0




	
S4

	
rice

	
0.7

	
0.2

	
0.9

	
1.3




	
S13

	
rice

	
1.2

	
0.2

	
1.4




	
S14

	
rice

	
1.4

	
0.2

	
1.6




	
S8

	
woodland

	
0.8

	
2

	
2.8

	
2.6




	
S15

	
woodland

	
0.6

	
2

	
2.6




	
S17

	
woodland

	
0.4

	
2

	
2.4










4.2. Suitable Regions Distribution and Allowable Withdrawal Shallow Groundwater (AWG)


Of the whole Sanjiang Plain, there were three suitable regions (Figure 14). The excess region had an area of 1.22 × 1010 m2, which accounts for 11.2% of the whole area of the Sanjiang Plain, and the water beyond the range of EISGD was 7.32 × 108 m3; the suitable region had an area of 7.14 × 1010 m2, which has a percentage of 65.5%, and the withdrawal shallow groundwater was 47.12 × 108 m3. For the deficit region, where a large amount of groundwater was pumped in the past few years, the shallow groundwater depth had an excess in the lower range of EISGD: it lacked 9.14 × 108 m3 water, with an area of 2.54 × 1010 m2, 23.3% of the whole area of the Sanjiang Plain. Finally, the whole allowable withdrawal shallow groundwater was 45.30 × 108 m3 (Figure 14). This indicates that any pumping plan or water management strategy in the Sanjiang Plain should not be higher than 45.30 × 108 m3, otherwise a continuous declining of shallow groundwater in the Sanjiang Plain can lead to unsustainable irrigation and the degradation of local wetlands.
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Figure 14. Distribution of areas whose shallow groundwater depth is within (i.e., suitable) or outside of (i.e., deficit and excess) EISGD and the withdrawal shallow groundwater (WG) for different regions of the Sanjiang Plain, northeast China. * AWG = allowable withdrawal shallow groundwater for total Sanjiang Plain—Stands for water shortage reaching the range of EISGD. 
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No.

	
Name

	
Area/1010 m2

	
Percentage/%

	
WG/108 m3

	
AWG*/108 m3






	
1

	
Excess Region

	
1.22

	
11.2

	
7.32

	




	
2

	
Suitable Region

	
7.14

	
65.5

	
47.12

	




	
3

	
Deficit Region

	
2.54

	
23.3

	
−9.14

	
45.3











5. Discussion


The principal aim of this study was to develop an ecologically-based concept for accessing shallow groundwater conditions. Based on vegetation types, soil types, and local evaporation characteristics of shallow groundwater, we proposed a lower and an upper boundary of ecologically ideal shallow groundwater depth and applied the concept to the Sanjiang Plain in northeast China. Currently, the total allowable withdrawal of shallow groundwater (AWG), in the Sanjiang Plain, estimated based on the EISGD concept, is about 45.30 × 108 m3. Yang et al. [31] calculated 51.45 × 108 m3 groundwater resources for this region using a water balance method. This estimation is about 10% higher than our estimation because we take surface vegetation types, soils types, and their spatial distributions into account, indicating the plausibility of the EISGD application for assessment of regional shallow groundwater conditions.



In addition, we found the different EISGD values for different surface vegetation (Figure 9 and Figure 10), so when we design a water resources management plan, it can help us to protect the surface vegetation without degradation or shift. There are five land-use types in the Sanjiang Plain (Table 4), of which rice is the main plant. When water is withdrawn from shallow groundwater, the continuous decline of shallow groundwater depth can exert detrimental effects on the surface vegetation community, in particularly for plants with a shallow rooting depth (e.g., meadow and corn). Without considering the spatial distribution of surface vegetation and types, we would fail to offer effective help in regional ecological protecting and water resources management. Sun et al. [19] proposed a range of EGWTs (ecological groundwater tables) (from 2 to 17 m) for the Sanjiang Plain. In our study, we found a wider lower boundary of EISGD (between 2.0 and 14.3 m) and upper boundary of EISGD range between 0.5 and 1.8 m for the Sanjiang Plain. Those differences may have resulted from the different methods used. Sun et al. [19] used field surveys but did not consider surface vegetation. This method depends on empirical assumption, and always has a relatively high error. We applied the rooting depth of a certain vegetation type, capillary rise of water in the soil, and evaporation of the shallow groundwater to assess the range of EISGD; because it is based on the actual physical process, it has higher accuracy.



Our study found that 65.5% of the entire Sanjiang Plain was within their EISGD ranges. Another 23.3% of the Sanjiang Plain has shallow groundwater outside their EISGD ranges, and these areas are mostly located in the north and northeast parts of the Sanjiang Plain. These deficit areas are almost solely large farmland, where shallow groundwater has been pumped extensively in the past two decades, leading to a rapid drop in the groundwater depth [26]. The deficit water quantity in the unsuitable region is 9.14 × 108 m3, which can cause surface vegetation degradation and unsustainable irrigation. The remaining 11.2% of the Sanjiang Plain was kept at the lower shallow groundwater depth whose depth should decrease to the range of EISGD. These areas have a total deficit of 7.32 × 108 m3, the highest deficit rate of 0.5 m/year in the Sanjiang Plain. This indicates that those areas should decrease their groundwater pumping quantity.



Many factors can affect the EISGD (e.g., soil factors, vegetation species and density, and topography). Different soils have different physical properties, affecting the capillary rise of shallow groundwater [50,51,52]. The results of capillary rise height from our laboratory measurement showed that evaporation of groundwater was nearly zero unless the surface vegetation roots reached the water table. The Sanjiang Plain is large (10.9 × 104 km2) and our limited project funding prohibited intensive field soil coring for collecting undisturbed soil columns. When collecting soil samples in the field, we measured the soil moisture content, dry density, and wet density at each sampling depth. When the samples were filled into the vertical tubes, we filled it under the original density and order and tried to keep the original soil field condition as much as possible. In addition, the different soils and land vegetation can also affect the extinction depth (i.e., the lower boundary): fine-textured soils have deeper extinction depth than coarse-textured soils under the same land vegetation. Therefore, the representative and distribution of soil samplings would affect the average extinction depth. Meanwhile, extinction depth increased with the increasing of land vegetation rooting depth [53]. Thus the universality and accuracy of vegetation rooting depth value would affect the stability and uniqueness of extinction depth. Therefore, the method to define the upper and lower boundary of EISGD model is sensitive to the representativeness of soil and vegetation samplings. Those factors would introduce uncertainty as to the application the EISGD model. Selection of highly representative soil and vegetation types could improve the adaptability of this method, especially for large-scale regions.



The EISGD concept that we developed in this study uses a simple way of estimating the evaporation of shallow groundwater. The accuracy of this approach needs to be tested in laboratory and field experiments under different climatic conditions. This can especially improve the identification of a realistic lower boundary.



The EISGD approach can be very useful for evaluation and management of large-scale regional shallow groundwater resources. For regions that have sufficient information on shallow groundwater, the approach provides a comparative assessment of actual shallow groundwater depths with EISGD-based shallow groundwater depths, helping evaluate current groundwater conditions. For regions that have no or insufficient information on shallow groundwater, the approach can provide useful insights, helping develop sustainable shallow groundwater management. Because EISGD considers the impact of shallow groundwater on surface vegetation community, application of the approach can help develop management plans and strategies for regional ecological protection and restoration. Many farming areas on floodplains around the world have used groundwater for irrigation extensively, e.g., the High Plain (Ogallala Aquifer) in the USA. These areas are experiencing similar environmental problems including cone of depression and surface ecology degradation. Those areas can utilize the EISGD model to estimate regional groundwater deficit conditions and control groundwater pumpage. In the future, the approach can be improved with more accurate field data (e.g., groundwater depth, rooting depth, and field capillary rise measurements).




6. Conclusions


This study developed a conceptual model of ecologically ideal shallow groundwater depth (EISGD). The model identifies an upper boundary and a lower boundary of shallow groundwater using soil capillary rise, vegetation rooting depth, and evaporation of shallow groundwater. We applied the model to a large-scale region in northeast China with different vegetation types, soil types, and evaporative characteristics to determine an upper and a lower boundary of EISGD. We then analyzed the spatial distribution of the EISGD ranges and estimated allowable withdrawal of shallow groundwater (i.e., without degrading the present vegetation ecosystem). The results showed the plausibility and usefulness of the EISGD concept. In addition to the methodological development, the study yielded insights into the current shallow groundwater conditions in one of China’s largest grain production bases. Currently, 23.3% of the land in the Sanjiang Plain has already reached beyond the EISGD; if the present groundwater pumpage continues, there may be severe consequences for surface vegetation in these areas. This study demonstrated that application of the EISGD concept can be helpful for assessing the conditions of present shallow groundwater with respect to surface vegetation, as well as in determining sustainably allowable groundwater withdrawal at the landscape scale.
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