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Abstract:

 Trends in high, moderate, and low streamflow conditions from United States Geological Survey (USGS) gauging stations were evaluated for a period of 1951–2013 for 18 selected watersheds in South Dakota (SD) using a modified Mann-Kendall test. Rainfall trends from 21 rainfall observation stations located within 20-km of the streamflow gauging stations were also evaluated for the same study period. The concept of elasticity was used to examine sensitivity of streamflow to variation in rainfall and land cover (i.e., grassland) in the study watersheds. Results indicated significant increasing trends in seven of the studied streams (of which five are in the east and two are located in the west), nine with slight increasing trends, and two with decreasing trends for annual streamflow. About half of the streams exhibited significant increasing trends in low and moderate flow conditions compared to high flow conditions. Ten rainfall stations showed slight increasing trends and seven showed decreasing trends for annual rainfall. Streamflow elasticity analysis revealed that streamflow was highly influenced by rainfall across the state (five of eastern streams and seven of western streams). Based on this analysis, a 10% increase in annual rainfall would result in 11%–30% increase in annual streamflow in more than 60% of SD streams. While streamflow appears to be more sensitive to rainfall across the state, high sensitivity of streamflow to rapid decrease in grassland area was detected in two western watersheds. This study provides valuable insight into of the relationship between streamflow, climate, and grassland cover in SD and would support further research and stakeholder decision making about water resources.
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1. Introduction

South Dakota (SD) is located in the United States (US) Northern Great Plains region, which spans Montana, North Dakota, Wyoming, and Nebraska (in addition to SD) and is one of the largest prairie grasslands in the world [1]. Recent studies showed that grassland in SD is being lost to cropland [2,3], with more than 7410 km2 (4%) of grassland losses associated with a 10% increase in cropland (i.e., cultivated lands excluding hay and alfalfa) and 2% increase in non-agricultural land uses between 2006 and 2012 [2]. In 2011 alone, approximately 1800 km2 of grassland was converted to cropland for corn production in the state [3].

The economy in SD relies greatly on agricultural activities with the production of corn, soybean, and wheat as the state’s top commodity crops [4]. During the last few decades, corn and cattle are the two most important agricultural products, accounting for a little over one third of the total agricultural production of the state [4,5]. The Renewable Fuel Association ranked SD sixth in the US for corn production and fifth for corn grain ethanol production [6], making the state a leading corn production state for biofuel feedstock. The national interest to intensify renewable energy production [7] likely led to expansion of corn production as ethanol feedstock in SD and the region [4,5,8].

There are two dominant land use types in SD, grassland and cropland, suggesting that the expansion of one would affect the other. Recent studies revealed that grassland conversion to cropland has been the main land use change in the western Corn Belt region [2,3]. Grassland represents a valuable resource for the Great Plains region [1]. When maintained well, grassland could have many environmental benefits such as promotion of wildlife habitat, provision of biodiversity, and beneficial controls on hydrologic processes [2]. Other important functions of grassland include its capacity to prevent flood by reducing surface runoff [9]. Besides preventing flood, providing a carbon sink to alleviate greenhouse gas emission, and providing feed for grazing [10], grassland contributes to erosion control and water quality regulation [11,12]. Schilling et al. [13] and Zhang and Schilling [14] showed that expansion of agricultural lands from sod-forming vegetation (e.g., pasture, hay, alfalfa) for soybean cultivation may have reduced evapotranspiration (ET), increased groundwater recharge, and increased stream discharge in the Mississippi River Basin. In the Raccoon River watershed in Iowa, increased corn production at the expense of grasslands played a major role in decreased annual ET, increased surface runoff, and increased water yield [15]. Land use and land cover change can contribute to alteration of surface runoff, flood frequency, baseflow, and annual mean discharge [16,17,18]. Xu et al. [19] reported that land use change as a result of cropland expansion contributed twice as much to streamflow changes compared to the effects of climate variability in 55 watersheds across the US Midwest. A substantial amount of increase in overland flow was predicted in Wisconsin and Michigan watersheds due to land cover change [20], with cropland expansion linked to an increase in flood peaks between mid-1920 and mid-1930 in Wisconsin [21].

Changes in streamflow characteristics can also be influenced by climatic factors [17,22,23,24,25,26,27,28,29]. The effects of climate on hydrology may include earlier snowmelt, change in streamflow timing, altered spring maximum flows, and intensified summer droughts [30,31,32,33,34,35]. Wet climate rather than land use change was shown to influence streamflow trends in the Upper Mississippi River Basin [22]. Mean annual streamflow changes in five major Minnesota River watersheds has been correlated with total annual rainfall [26]. The researchers in the later study reported substantial impact of increased rainfall events on peak flow increases in these watersheds [26], while rainfall was found to have a strong correlation with low flows rather than high flows in streams in Indiana [25]. Studies from other parts of the world also reported variation in streamflow with variation in climatic variables [24,25,36,37,38]. Rainfall decrease and temperature increase have been recognized as influential factors to streamflow decline in the Yellow River Basin in China [29]. Fluctuations in climate accounted for a 10 mm per year decrease in mean annual streamflow in the middle reaches of the Yellow River [23]. Along with land use change, climate change caused annual streamflow to increase by 4% in the Johor River Basin in Malaysia [17].

Previous studies on streamflow trends in the Great Plains and US Midwest regions generally reported upward trends in streamflow [39,40]. In the Missouri River Basin, trend analysis of annual streamflow between 1960 and 2011 indicated downward trends in the western and southern parts of the watershed while an upward trend was detected in the eastern part of the watershed [40]. While previous streamflow trend studies include SD watersheds, there is no known study, which exclusively focuses on hydrologic response to climate and local factors such as grassland losses. The objectives of this study were to use historical streamflow, rainfall, and land use data to (1) document long-term trend characteristics of streamflow and rainfall in SD watersheds; and (2) examine the relationships between streamflow, rainfall, and grassland cover. This study should provide useful insight into hydrological implications of climate variability and grassland cover change in the state.



2. Study Area

South Dakota is located in the northern Great Plains region and has a total area of approximately 199,730 km2 of which nearly 62% of the total area is grassland [41,42,43]. According to the United States Department of Agriculture—National Resources Conservation Service (USDA—NRCS) [41], grassland in SD is comprised of a mixture of tall grass prairie and mixed grass prairie used for pasture, hay, and rangeland. The second leading land cover in the state is cropland that covers approximately 28% of the total area, while other land uses make up 11% of the total area [41,42]. As mentioned earlier, the increasing needs of bioenergy production likely increased agricultural activities, leading to grassland losses across the state [4]. In 2014, nearly 23,470 km2 (19%) of the total harvested land was used for corn production while 20,840 km2 (17%) of the total harvested land area was used for soybean production [44]. The total area of land harvested with corn and soybean is 43,830 km2, which accounts for 36% of total cultivated land in SD [44].

Agricultural activities in SD include livestock, poultry, and crop production. Crop production is mostly concentrated in the eastern part of the state, where the average rainfall is greater than in the western part [4,40]. The 30-year normal (1981–2010) annual precipitation varied from 430 mm to 660 mm, following a northwest to southeast gradient [45]. Average monthly precipitation varies from 11 mm in February to 91 mm in July. The snowfall season varies from year to year, typically beginning in November and ending in March. The 30-year normal (1981–2010) annual snowfall depth ranged from 690 mm in Conde, SD to 5020 mm in Lead, SD [45]. South Dakota has an interior continental climate with hot summers and extremely cold winters. Monthly normal temperature ranges from more than 30 °C in July to −17 °C in January in most of the state [45]. According to the World Atlas (www.worldatlas.com), the landscape of SD consists of four major regions, which are the drift prairie, till plains, Great Plains, and Black Hills. Land elevation ranges from 295 m in Big Stone Lake in eastern SD to 2207 m above sea level at Harney Peak in the Black Hills of western SD. The Missouri River, which flows generally north to south through SD bisects the state into eastern and western SD (Figure 1). The portion of the Missouri River that flows through the state is about 3770 km. Other river systems such as the James River, White River, Little Missouri River, Big Sioux River, Cheyenne River, Belle Fourche River, Little White River, and Moreau River are tributaries of the Missouri River.

Figure 1. Map of South Dakota showing USGS stream gauging stations and rainfall gauging stations used in this study.
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3. Data Used

Continuous daily streamflow data were extracted from the USGS National Water Information System (NWIS). The number of active streamflow gauging stations in SD is more than 150, which include stations with regulated and non-regulated flows. Daily streamflow data were compiled from 18 gauging stations selected out of the 154 stations (Figure 1; Table 1) using the following criteria:


Table 1. List of streamflow and rainfall gauging stations used in this study.



	
USGS Streamflow Station Name

	
USGS Station Number

	
Notation

	
Start Year

	
Data Length (Years)

	
Drainage Area (km2)






	
Bad River near Fort Pierre, SD

	
06441500

	
SG12

	
1951

	
63

	
8151




	
Battle Creek at Hermosa, SD

	
06406000

	
SG5

	
1951

	
63

	
438




	
Big Sioux River near Brookings, SD

	
06480000

	
SG17

	
1963

	
51

	
8645




	
Big Sioux River near Castlewood, SD

	
06479525

	
SG15

	
1977

	
37

	
2836




	
Big Sioux River near Dell Rapids, SD

	
06481000

	
SG18

	
1951

	
63

	
10,168




	
Big Sioux River near Watertown, SD

	
06479438

	
SG16

	
1977

	
37

	
1360




	
Castle Creek near Deerfield Res and Hill City, SD

	
06409000

	
SG4

	
1951

	
63

	
205




	
Cheyenne River at Edgemont, SD

	
06395000

	
SG2

	
1951

	
63

	
18,658




	
Firesteel Creek near West Vernon, SD

	
06477500

	
SG13

	
1963

	
51

	
1520




	
Keya Paha River near Keya Paha, SD

	
06464100

	
SG8

	
1982

	
32

	
1386




	
Keya Paha River at Wewela, SD

	
06464500

	
SG9

	
1951

	
63

	
2924




	
Little Missouri River at Camp Crook, SD

	
06334500

	
SG1

	
1963

	
51

	
5112




	
Little White River near Martin, SD

	
06447500

	
SG7

	
1963

	
51

	
811




	
Moreau River near Faith, SD

	
06359500

	
SG6

	
1951

	
63

	
6723




	
Moreau River near Whitehorse, SD

	
06360500

	
SG10

	
1963

	
51

	
12,675




	
Rhoads Fork near Rochford, SD

	
06408700

	
SG3

	
1982

	
32

	
20




	
West Fork Vermillion River near Parker, SD

	
06478690

	
SG14

	
1963

	
51

	
979




	
White River near Oacoma, SD

	
06452000

	
SG11

	
1951

	
63

	
25,693




	
Rainfall station name

	
Network ID

	
Data length (years)




	
Brookings 2 NE, SD

	
GHCND: USC00391076

	
51




	
Camp Crook, SD

	
GHCND: USC00391294

	
51




	
Castlewood, SD

	
GHCND: USC00391519

	
51




	
Chamberlin 5S

	
GHCND: USC00391609

	
63




	
Chester, SD

	
GHCND: USC00391634

	
63




	
Colton, SD

	
GHCND: USC00391851

	
63




	
Deerfield 4 NW, SD

	
GHCND: USC00392228

	
63




	
Edgemont, SD

	
GHCND: USC00392557

	
63




	
Flandreau, SD

	
GHCND: USC00392984

	
63




	
Gregory, SD

	
GHCND: USC00393452

	
63




	
Hermosa 3 SSW, SD

	
GHCND: USC00393775

	
51




	
Lead, SD

	
GHCND: USC00394834

	
32




	
Marion, SD

	
GHCND: USC00395228

	
51




	
Martin, SD

	
GHCND: USC00395281

	
51




	
Mitchell 2 N, SD

	
GHCND: USC00395671

	
51




	
Pactola Dam, SD

	
GHCND: USC00396427

	
32




	
Pierre Regional Airport, SD

	
GHCND:USW00024025

	
63




	
Timber Lake, SD

	
GHCND: USC00398307

	
63




	
Usta 8 WNW Kelly Ranch, SD

	
GHCND: USC00398528

	
63




	
Watertown Regional Airport, SD

	
GHCND: USW00014946

	
51




	
Winner, SD

	
GHCND: USC00399367

	
32










	The station must have at least 30 years of continuous streamflow data.


	The station must be free from diversion and regulation.




The 18 gauging stations used have 63 (1951–2013: 8 stations), 51 (1963–2013: 6 stations), 37 (1977–2013: 2 stations), and 32 years of data (1982–2013: 2 stations).



Continuous daily rainfall data were extracted from the National Oceanic and Atmospheric Administration (NOAA) database. A collocation approach was used to select rain gauging stations that were close to the selected streamflow observation stations. Saad et al. [46] and Ahiablame et al. [47] used collocation to select streamflow and water quality stations located together on the same river and within 5% of the watershed area. Following the same concept, 5% of the watershed area associated with each selected streamflow gauging station and corresponding radius were calculated. A fixed 20-km buffer, which was created with the maximum of all 18 estimated radii, was used for all streamflow gauging stations to ensure that each streamflow gauging station has at least one rain gauging station within the 20-km buffer. Rainfall stations with daily rainfall data for more than 30 years (1951–2013) were selected. When more than one station falls within the same buffer zone, each station was accounted for individually and used for the analysis. In cases where there was no rain gauging that directly falls within the buffer, the closest rain gauging outside the buffer was used. Based on this technique, 21 rain gauging stations were utilized for the analysis (Figure 1; Table 1). The rainfall stations were chosen close to the streamflow gauging stations with the assumption that they accurately represent the rainfall in the study watersheds.

Land cover maps were extracted from the USGS Earth Resources Observation and Science (EROS) Center database (http://landcover-modeling.cr.usgs.gov/projects.php) and National Land Cover Database (NLCD) (http://www.mrlc.gov/resources.php). EROS Center has annual land cover maps from 1938 to 1992 and NLCD has land cover maps for 1992, 2001, 2006, and 2011. These maps were used to estimate grassland area in the watersheds that drain into the 18 streamflow gauging stations selected in this study.



4. Methodology


4.1. Computation of Streamflow, Rainfall, and Land Use Statistics

The Indicators of Hydrologic Alteration (IHA) software [48] was utilized to compute six streamflow statistics that were used in trend analysis to represent low, moderate, and high streamflow conditions in SD. Low flow statistics, defined as streamflow values lower than 50 percentile of all daily flows, included one-day minimum and seven-day minimum; moderate flow statistics included median daily flow and average daily flow; and high flow statistics (defined as streamflow values greater than 75 percentile of all daily flows) included one-day maximum and seven-day maximum [48]. Total flows (i.e., sum of daily flows per year and per season) were also computed to determine annual and seasonal variations. Median daily and daily average flows were computed by taking the median and average of daily flows per year, respectively. The seasons were defined as summer (June to August), fall (September to November), winter (December to February), and spring (March to May). Similarly, annual (i.e., total rainfall in a year) and one-day maximum rainfall were calculated and used for the analysis.

To estimate grassland area in the study watersheds, land use maps were extracted from EROS land cover modelling database for 1951, 1961, 1971, and 1981, and NLCD for 1992, 2001, 2006, and 2011 using ArcGIS. The maps from both EROS land cover modelling database and NLCD have different classes. The grassland area used in this study corresponds to classes 11 and 14, which are grassland and hay/pasture in EROS land cover modelling database, and to classes 71 and 81 representing grassland/herbaceous and pasture/hay, respectively, in NLCD. These classes (i.e., grassland and hay/pasture) were combined to estimate the total grassland area for each watershed.



4.2. Trend Analysis

The modified Mann-Kendall (MMK) test suggested by Hamed and Rao [49] was used in this study to detect trends in streamflow and rainfall. The modified approach of Mann-Kendall (MK) was adopted due to the presence of positive and negative serial correlation detected in the majority of streamflow and rainfall data after running Durbin-Watson tests [50,51] for serial correlation. Serial correlation of hydrological time series data can result in overestimation and underestimation of existing trends [25,49,52,53]. The MK test statistic, S, is defined as [54]:
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(1)




and
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(2)




where Xi and Xj are the sequential data values, n is the sample size, and D is the difference between two sequential data values. The MMK statistic, Z, is given by [25,49,53]:


Z={S−1V(S)*forS>00forS=0S+1V(S)*forS<0



(3)




and
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where V(S)* is the modified variance of S, and V(S) is defined as [53,54]:
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(5)




and
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(6)




rk is the lag-k autocorrelation coefficient, computed as [25,53]:
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(7)




A positive value of Z indicates increasing or upward trend, while a negative Z value suggests a decreasing or downward trend in the time series data [25,55]. The null hypothesis, H0, implies that there is no trend in the time series data, and was rejected at a significance level of α = 0.10 if |Z| > Z(1 − α /2), where Z(1 − α /2) is the value of the standard normal distribution with a probability of exceedance of α/2.

The magnitude of streamflow and rainfall trends were calculated using a nonparametric slope method proposed by Sen [56] and further discussed by Hirsch et al. [57]. The trend magnitude, β, was determined as [57]:
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(8)




b is the median for all possible combinations of pairs of any two data points in the entire dataset. Xj and Xk are the sequential data points, where k < j. A Microsoft Excel tool developed by Salmi et al. [58] was used to estimate streamflow and rainfall trend magnitudes in this study.
The trend analysis was conducted with all seven streamflow statistics (annual flow, one-day minimum, seven-day minimum, median daily flow, average daily flow, one-day maximum and seven-day maximum streamflow) and the two rainfall statistics (annual rainfall and one-day maximum rainfall).



4.3. Streamflow Elasticity Analysis

In this study, the effects of rainfall and land use change on streamflow were estimated by using the concept of elasticity [59,60]. The elasticity is represented by a coefficient, which characterizes changes in annual streamflow with respect to changes in annual rainfall and changes in grassland area. Streamflow elasticity (i.e., sensitivity) to rainfall was defined as the proportional change in mean annual streamflow divided by the proportional change in mean annual rainfall [59,60,61]. If the elasticity coefficient is greater than 1, a 1% change in annual rainfall would result in more than 1% change in annual streamflow. For example, an elasticity of +3 indicates that a 1% increase in annual rainfall would lead to 3% increase in annual streamflow.

The nonparametric estimator of elasticity proposed by Sankarasubramaniam et al. [62] was used in this analysis to determine increase or decrease in annual streamflow as the result of increase or decrease in annual rainfall over a certain time period. The elasticity coefficient, ԐR, was calculated as:
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(9)




where [image: there is no content] and [image: there is no content] are the mean annual rainfall and streamflow, respectively. A value of U was calculated for each pair of Rt and Qt in the annual time series. The elasticity coefficient was estimated by taking the median of all computed U values. In this analysis, annual streamflow (Qt) and annual rainfall (Rt) values were used to calculate streamflow elasticity to rainfall.
The principle of elasticity was also applied to determine elasticity of streamflow to change in grassland area. Grassland elasticity coefficient of streamflow, ԐL, was defined as a ratio of the percentage of annual streamflow to the percentage of grass cover change. If ԐL is greater than 1, a 1% change in grassland will result in more than 1% change in annual streamflow. The elasticity coefficient presented by Yao et al. [63] and Zheng et al. [64] was applied in this study and calculated as:
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(10)




where ԐL describes the sensitivity of annual streamflow to change in grassland. L(i + 1) and Li are estimated grassland areas for two consecutive time periods (i + 1) and i, which affect the corresponding mean annual streamflow Q(i + 1) and Qi. The elasticity coefficient was estimated by taking the mean of all computed grassland elasticity coefficient values for a specific station.
Unlike rainfall elasticity of streamflow, which was calculated using annual time series for both rainfall, and streamflow, grassland cover elasticity coefficients of streamflow were calculated between defined time periods because reliable annual grassland data were not available. Thus, streamflow data were divided into eight different time periods (i.e., 1951–1955, 1956–1965, 1966–1975, 1976–1985, 1986–1995, 1996–2003, 2004–2008, and 2009–2013), and average annual streamflow was calculated for each time period. The eight time periods correspond to the eight land use maps (i.e., 1951, 1961, 1971, 1981, 1992, 2001, 2006, 2011), which are single-year land use data. The time periods were defined as such to capture the effects of grassland cover change on streamflow prior to and after the publication year of a given land use map. For example, the time period of 1951–1955 and 1956–1965 correspond to 1951 and 1961 land use maps, respectively. Single-year grassland data (e.g., 1951, 1981, 2001, 2011) and corresponding average annual streamflow for a given time period were used in the computation of grassland cover elasticity coefficients.




5. Results and Discussion


5.1. Trends in Streamflow and Rainfall

The MMK Z-values, p-values and magnitudes for streamflow and rainfall statistics are presented in Table 2, Table 3, Table 4 and Table 5. Among 18 streamflow gauging stations, 39% (seven stations) showed significant increasing trends and 12% (two stations) showed significant decreasing trends in annual streamflow (Figure 2; Table 2). Similar mixed patterns, in streamflow trends were reported in other parts of the Midwest and Great Plains regions. For example, significant increasing trends in streamflow were observed in most streamflow gauging stations in Kansas, Nebraska, and Oklahoma from 1922 to 2001 [65], and the Upper Mississippi River Basin [66]. Seasonal trend analysis showed that the number of streams with significant upward trends increased remarkably in fall (56% of the stations) and winter (62% of stations) compared to spring and summer seasons, in which streamflow trends were not significant in most of the streams (Table 2 and Table 3). Out of the 18 streamflow gauging stations studied, only 23% of streams showed significant increasing trends in spring, and 34% showed significant increasing trends in summer (Table 2 and Table 3). These increasing seasonal trends suggest that fall and winter in SD and perhaps in the High Plains region are getting wetter. Similar results were reported by Kustu et al. [67] who found significant increasing trends in fall streamflow in Illinois and Ohio watersheds. Norton et al. (2014) [40] also reported augmenting fall streamflow in the Missouri River Basin which drains SD. Climate may be the major contributor to the seasonal variability of streamflow trends [68] as warmer winter temperature reported in SD [68] may lead to early spring snowmelt, resulting in higher streamflow in winter and spring.

Figure 2. Trends in annual streamflow and rainfall in South Dakota.
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Table 2. Annual trends and trend magnitudes of streamflow in South Dakota. Modified Mann-Kendall Z-value, (p-value) and [magnitude, mm/year] are shown. Values in bold represent statistically significant trends at 90% confidence level.


	USGS Station Number
	Annual Streamflow
	One-Day Min (Low Flow)
	Seven-Day Min (Low Flow)
	One-Day Max (High Flow)
	Seven-Day Max (High Flow)
	Median Daily (Flow)
	Daily Average (Flow)





	06359500
	1.2 (0.20)[0.09]
	1.5(0.12)
	1.6(0.11)
	0.8(0.42)
	0.9(0.32)
	1.7 (0.08)
	1.3 (0.20)



	06395000
	−2.1(0.04)[−0.03]
	2.4(0.01)
	2.3(0.01)
	−2.7(0.01)
	−2.2(0.02)
	1.8(0.07)
	−2.0(0.04)



	06409000
	1.8(0.08)[0.41]
	1.5(0.12)
	1.6(0.11)
	1.9(0.05)
	1.6(0.09)
	1.8(0.07)
	1.8(0.08)



	06441500
	−0.5(0.62)[−0.03]
	1.1(0.25)
	1.9(0.05)
	−0.9(0.33)
	0.1(0.91)
	−0.5(0.64)
	−0.5(0.62)



	06452000
	0.9(0.35)[0.08]
	1.1(0.26)
	1.0(0.29)
	0.6(0.54)
	0.1(0.97)
	1.5(0.13)
	0.9(0.35)



	06464500
	0.9(0.39)[0.11]
	1.0(0.30)
	1.1(0.26)
	0.5(0.57)
	1.1(0.27)
	1.3(0.18)
	0.9(0.39)



	06481000
	1.8(0.08)[0.53]
	2.2(0.02)
	2.2(0.02)
	3.2(<0.10)
	2.9(<0.10)
	2.1(0.03)
	1.8(0.08)



	06406000
	1.7(0.09)[0.23]
	2.5(0.01)
	2.4(0.01)
	−0.1(0.93)
	0.9(0.35)
	2.0(0.04)
	1.7(0.095)



	06360500
	−3.9((<0.10)[−0.21]
	1.8(0.07)
	1.6 (0.11)
	0.4(0.66)
	0.1(0.91)
	−2.5(0.01)
	−3.9 (<0.10)



	06477500
	1.8(0.07)[0.23]
	2.5(0.01)
	2.8(<0.10)
	2.2(0.03)
	2.0(0.04)
	2.2(0.03)
	1.8(0.07)



	06478690
	2.5(0.01)[0.68]
	3.3(<0.10)
	3.4(<0.10)
	2.2(0.02)
	2.4(0.02)
	2.6(0.01)
	2.6(0.01)



	06334500
	−0.3(0.73)[−0.4]
	1.4(0.16)
	1.5(0.12)
	−0.6(0.52)
	−0.4(0.72)
	−0.7(0.51)
	−0.3(0.73)



	06447500
	0.7(0.46)[0.07]
	1.4(0.16)
	1.2(0.20)
	−2.0(0.04)
	−1.6(0.12)
	1.1(0.29)
	0.7(0.46)



	06480000
	1.9(0.05)[0.60]
	2.5(0.01)
	2.4(0.01)
	2.4(0.02)
	2.6(0.01)
	2.4(0.02)
	1.9(0.05)



	06479525
	1.8(0.07)[0.03]
	2.4(0.02)
	2.2(0.02)
	0.9(0.35)
	1.9(0.05)
	2.1(0.03)
	1.8(0.07)



	06479438
	1.5(0.13)[0.41]
	2.1(0.03)
	1.9(0.06)
	1.1(0.29)
	0.9(0.37)
	2.1(0.03)
	1.5(0.13)



	06408700
	0.2(0.82)[0.46]
	0.2(0.82)
	0.3(0.73)
	0.2(0.85)
	0.001(1.00)
	0.2(0.81)
	0.2(0.85)



	06464100
	0.1(0.86)[0.02]
	0.6(0.54)
	0.8(0.42)
	0.3(0.75)
	0.5(0.60)
	0.3(0.77)
	0.2(0.86)








Table 3. Seasonal trends and trend magnitudes of streamflow in South Dakota. Modified Mann-Kendall Z-value, (p-value) and [magnitude, mm/year] are shown. Values in bold represent statistical significant trends at 90% confidence level.


	USGS Station Number
	Fall
	Spring
	Summer
	Winter





	06359500
	2.67(0.01)[0.004]
	1.27(0.20)[[0.015]
	0.17(0.86)[[0.001]
	2.60(0.01)[0.006]



	06395000
	1.72(0.09)[0.001]
	1.38(0.17)[[0.002]
	−1.99(0.05)[−0.008]
	2.17(0.03)[0.002]



	06409000
	0.48(0.63)[[0.002]
	0.91(0.36)[[0.003]
	0.92(0.36)[[0.0025]
	0.26(0.79)[[0.001]



	06441500
	0.32(0.75)[[0.0001]
	−0.50(0.62)[−0.004]
	−0.97(0.33)[−0.007]
	0.82(0.41)[[0.001]



	06452000
	1.69(0.09)[0.011]
	0.84(0.39)[[0.016]
	0.50(0.62)[[0.006]
	1.94(0.05)[0.013]



	06464500
	1.35(0.18)[[0.013]
	0.94(0.35)[[0.021]
	1.69(0.09)[0.026]
	1.48(0.14)[[0.023]



	06481000
	2.32(0.02)[0.055]
	1.72(0.08)[0.172]
	1.76(0.08)[0.106]
	2.09(0.04)[0.007]



	06406000
	2.00(0.05)[0.056]
	1.58(0.11)[[0.048]
	1.50(0.13)[[0.037]
	2.48(0.01)[0.047]



	06360500
	−5.33(<0.10)[−0.002]
	−4.41(<0.10)[−0.066]
	−3.46(<0.10)[−0.027]
	−2.42(0.02)[−0.001]



	06477500
	2.55(0.01)[0.001]
	1.44(0.15)[[0.021]
	2.68(0.01)[0.049]
	3.10(<0.10)[0.002]



	06478690
	2.94(<0.10)[0.007]
	2.06(0.04)[0.110]
	3.54(<0.10)[0.087]
	2.86(<0.10)[0.009]



	06334500
	0.39(0.69)[[0.0013]
	−0.46(0.64)[−0.015]
	−1.12(0.26)[−0.017]
	0.70(0.48)[[0.001]



	06447500
	1.25(0.21)[[0.008]
	1.11(0.27)[[0.023]
	0.14(0.89)[[0.003]
	1.97(0.05)[0.027]



	06480000
	2.41(0.02)[0.065]
	1.79(0.07)[0.209]
	1.91(0.06)[0.12]
	2.23(0.03)[0.039]



	06479525
	2.17(0.03)0.043]
	1.92(0.05)[0.171]
	1.79(0.07)[0.064]
	2.16(0.03)[0.025]



	06479438
	2.24(0.02)0.036]
	1.55(0.12)[[0.139]
	1.24(0.21)[[0.035]
	2.03(0.04)[0.017]



	06408700
	−0.01(0.99)[−0.01]
	0.33(0.74)[[0.134]
	0.23(0.82)[[0.059]
	0.36(0.72)[[0.164]



	06464100
	−0.21(0.83)[ −0.002]
	0.34(0.73)[[0.022]
	−0.11(0.91)[−0.003]
	0.62(0.53)[[0.016]








Table 4. Annual rainfall trends and trend magnitudes in South Dakota. Modified Mann-Kendall Z-value, (p-value) and [magnitude, mm/year] are shown. Values in bold represent statistical significant trends at 90% confidence level.


	Rainfall Gauging Station Number
	Annual Rainfall
	One-Day Maximum Rainfall





	GHCND: USC00398528
	−1.13(0.26)[−2.35]
	1.64(0.09)



	GHCND: USC00392557
	−0.74(0.46)[−0.59]
	0.53(0.59)



	GHCND: USC00392228
	0.00(0.99)[4.02]
	0.84(0.40)



	GHCND:USW00024025
	1.73(0.08)[0.94]
	0.09(0.92)



	GHCND: USC00391609
	0.71(0.48)[1.48]
	1.76(0.08)



	GHCND: USC00393452
	1.55(0.12)[1.85]
	1.54(0.12)



	GHCND: USC00391851
	−1.53(0.12)[−4.56]
	2.02(0.04)



	GHCND: USC00391634
	−0.69(0.49)[−3.50]
	0.61(0.54)



	GHCND: USC00393775
	1.17(0.24)[1.53]
	−2.12(0.03)



	GHCND: USC00398307
	0.94(0.35)[0.64]
	−0.96(0.34)



	GHCND: USC00395671
	1.30(0.19)[1.63]
	1.79(0.07)



	GHCND: USC00395228
	0.52(0.60)[0.58]
	1.71(0.08)



	GHCND: USC00391294
	1.04(0.30)[1.15]
	1.62(0.09)



	GHCND: USC00395281
	1.24(0.21)[1.68]
	−4.26(<0.10)



	GHCND: USC00391076
	1.63(0.10)[1.25]
	1.43(0.15)



	GHCND: USC00392984
	1.74(0.08)[2.61]
	2.16(0.03)



	GHCND: USC00391519
	2.01(0.04)[1.55]
	2.00(0.04)



	GHCND: USW00014946
	−0.25(0.80)[−0.38]
	0.91(0.36)



	GHCND: USC00396427
	−0.64(0.52)[−0.83]
	1.47(0.14)



	GHCND: USC00394834
	1.55(0.12)[4.48]
	1.07(0.28)



	GHCND: USC00399367
	−1.74(0.08)[−3.62]
	−0.87(0.38)








Table 5. Seasonal rainfall trends and trend magnitudes in South Dakota. Modified Mann-Kendall Z-value, (p-value) and [magnitude, mm/year] are shown. Values in bold represent statistical significant trends at 90% confidence level.


	Rainfall Station
	Fall
	Spring
	Summer
	Winter





	GHCND: USC00398528
	−0.58 (0.56)[−0.16]
	−1.57(0.11)[−0.81]
	−1.08(0.28)[−0.59]
	−2.16(0.03)[−0.31]



	GHCND: USC00392557
	−0.045(0.96)[−0.02]
	0.14(0.89)[0.06]
	−2.00(0.05)[−0.94]
	0.48(0.63)[0.12]



	GHCND: USC00392228
	0(1.00)[−0.12]
	−0.25(0.80)[−0.30]
	0.80(0.42)[0.81]
	2.42(0.02)[1.49]



	GHCND:USW00024025
	0(1.00)[0.87]
	1.64(0.09)[0.28]
	−0.42(0.67)[−0.14]
	−0.54(0.59)[−0.11]



	GHCND: USC00391609
	−0.08(0.934)[−0.8]
	−1.53(0.13)[−0.91]
	1.06(0.29)[0.87)
	1.79(0.07)[0.38]



	GHCND: USC00393452
	1.34(0.18)[1.57]
	−1.31(0.19)[−1.62]
	1.76(0.08)[1.90]
	0.62(0.54)[0.22]



	GHCND: USC00391851
	−1.21(0.23)[−0.8]
	−1.15(0.25)[−1.14]
	−1.55(0.12)[−2.52]
	0.02(0.98)[0.02]



	GHCND: USC00391634
	−0.693(0.49)[−1.53]
	0.00(1.00)[−0.04]
	−0.52(0.60)[−0.76]
	−1.40(0.16)[−1.26]



	GHCND: USC00393775
	1.392(0.16)[0.46]
	1.19(0.23)[1.73]
	0.24(0.81)[1.73]
	−0.21(0.83)[−0.02]



	GHCND: USC00398307
	1.493(0.14)[0.47]
	−0.65(0.52)[−0.26]
	0.21(0.83)[0.07]
	1.89(0.06)[0.22]



	GHCND: USC00395671
	1.79(0.07)[1.18]
	1.15(0.25)[0.64]
	−1.60(0.11)[−0.70]
	1.13(0.26)[0.14]



	GHCND: USC00395228
	−1.168(0.24)[−0.31]
	1.48(0.14)[0.64]
	0.00(1.00)[−0.01]
	0.17(0.86)[0.05]



	GHCND: USC00391294
	1.33(0.18)[0.08]
	1.28(0.20)[0.08]
	0.46(0.64)[0.22]
	0.61(0.54)[0.07]



	GHCND: USC00395281
	2.02 (0.02)[0.85]
	0.47(0.64)[0.23]
	−0.25(0.80)[−0.36]
	1.86(0.06)[0.30]



	GHCND: USC00391076
	1.19(0.23)[0.79]
	1.84(0.07)[0.73]
	0.04(0.96)[0.01]
	1.31(0.19)[0.27]



	GHCND: USC00392984
	2.18(0.03)[1.40]
	1.36(0.17)[0.61]
	1.07(0.29)[0.58]
	0.21(0.83)[0.05]



	GHCND: USC00391519
	1.85(0.06)[0.88]
	0.77(0.44)[0.16]
	0.12(0.90)[0.03]
	−0.98(0.33)[−0.07]



	GHCND: USW00014946
	2.92(<0.10)[0.86]
	−0.49(0.63)[−0.23]
	−1.28(0.20)[−0.48]
	0.28(0.78)[0.08]



	GHCND: USC00396427
	−1.66(0.09)[−0.84]
	1.33(0.18)[1.19]
	−1.22(0.22)[−1.15]
	1.03(0.30)[0.16]



	GHCND: USC00394834
	0.709(0.48)[0.50]
	0.49(0.62)[0.75]
	0.79(0.43)[0.76]
	1.89(0.06)[1.74]



	GHCND: USC00399367
	−1.544(0.12)[−1.13]
	−1.59(0.11)[−1.64]
	−1.64(0.09)[−2.36]
	0.95(0.34)[−0.31]














In western SD, all the streamflow gauging stations with increasing trends in annual streamflow (17% of western streams) were located in the Black Hills region (Figure 2). Similar findings were reported by Miller and Driscoll [69] who also found that annual streamflow has increased in the Black Hills region over a period of 1904 to 1993. These trends may be the effects of climate due to increases in rainfall in the Black Hills [69,70]. Eighty-three percent of the streams located in the east showed significant increasing trends (Figure 2), suggesting that the eastern side of the state is getting wetter. This tendency of increasing streamflow may be the result of increasing rainfall in the east over the study period (see discussion on rainfall below). Over the 63-year study period (i.e., 1951 to 2013), about 50% of the studied streams showed significant increasing trends in annual one-day minimum and seven-day minimum flows (Table 2; Figure 3), indicating that baseflow is rising in these specific watersheds. Increasing low flow may be due to land use change as in a similar case reported by Zhang and Schilling [14] for Ohio watersheds. Other studies also reported increased low flows for streams in the Midwest region such as rivers in Iowa and Ohio [14,15,39,71]. Land use change can also contribute to an increase or decrease in low flow conditions. For example, Sikka et al. [72] found that conversion of natural grassland to bluegum plantation in the Nilgiris watershed in southern India resulted in decreased low flow. In the present study, there were no decreasing trends in low flow in the study watersheds. In eastern SD, 34% of the streams showed significant increasing trends in both one-day minimum and seven-day minimum flows, whereas in western SD, 17% and 12% streams showed significant increasing trends in one-day minimum and seven-day minimum flows, respectively (Figure 3).

Figure 3. Spatial distribution of streamflow gauging stations with statistical significant and no trends in (a) one-day minimum flow; (b) seven-day minimum flow; (c) one-day maximum flow; (d) seven-day maximum flow; (e) daily average flow; and (f) median daily flow.
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Analysis of moderate flow statistics showed significant increasing trends in 56% of the studied streams for median daily flow, while 39% showed significant increasing trends in daily average flow. According to Norton et al. [40], daily average streamflow increased, mainly, in the eastern part of the Missouri River Basin (SD, North Dakota, Iowa, and Nebraska), while decreasing streamflow was observed in its western parts, covering Montana and Wyoming. Seasonally, moderate flow statistics (i.e., median daily flow, daily average flow) revealed that more than 50% of the streams had increasing trends in fall (67% for median daily flow and 50% for daily average flow) and winter (56% for median daily flow and 62% for daily average flow) compared to spring (45% and 34% for median daily and daily average flows, respectively) and summer seasons (39% and 34% for median daily and daily average flows, respectively) (Table 2 and Table 3; Figure 3), suggesting that daily average flow in SD streams are increasing, especially in fall and winter. These results are consistent with seasonal streamflow trend analyses reported by Lins and Slack [39] and Karl and Knight [73] for the conterminous United States, where moderate flows increased in fall and winter seasons between the years of 1910 to 1996 for most regions. In eastern SD, 28% and 34% of the studied streams showed significant increasing trends in daily average flow and median daily flows, compared to western SD, where 12% and 23% of the streams showed significant increasing trends, respectively (Figure 3).

The number of streams with significant increasing trends for high flow statistics was low compared to low flow and moderate flow statistics. Five streams (28%) have increasing trends in annual one-day maximum streamflow while six streams (33%) show significant increasing trends in seven-day maximum streamflow (Table 2; Figure 3 and Figure 4). The increasing trend in high flows in these streams is likely due to increasing extreme or more frequent rainfall events or increased runoff during snowmelt. Twelve percent and 6% of the studied streams showed significant decreasing trends in one-day maximum and seven-day maximum flows, respectively. High flows were also noticed in Iowa due to climate change and agricultural and urban land use expansion [74]. Sixty-seven and 83% of the studied eastern streamflow gauging stations showed significant increasing trends in one-day maximum and seven-day maximum flows, whereas 8% of western watersheds showed significant increasing trends in both high flow statistics (Figure 3). These results also suggest that the eastern side of the state will likely have, over time, high flow activities such as flooding and erosion. The number of streams with significant increasing trends in high flow conditions were the least among all three flow conditions (i.e., low, moderate, and high flow conditions) in SD watersheds. Similar findings were concluded by McCabe and Wolock [75] and Kumar et al. [25] in the eastern United States and Indiana, respectively. McCabe & Wolock [75] reported that most changes in streamflow statistics occurred in annual minimum and median daily streamflow compared to high flow statistics. Kumar et al. [25] also found that most streams in Indiana showed significant increasing trends in low flow conditions more than in high flow conditions.

Figure 4. Trends in one-day maximum streamflow and rainfall in South Dakota.
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Trend magnitude was assessed for annual streamflow and presented in Table 2. Increasing trend magnitude varied from 0.02 mm/year at station 06464100 to 0.68 mm/year at station 06478690 (Table 2), while decreasing trend magnitude varied from 0.03 mm/year to 0.4 mm/year (Table 2). Seasonal trend magnitude was greater in spring than in fall, summer, and winter seasons for more than 50% of the studied streams. High trend magnitude was also reported for spring flows in eastern North America [76]. While trend magnitude for seasonal streamflow was high in spring at a majority of the studied streamflow gauging stations, the actual streamflow trends increased in fall and winter seasons compared to other seasons. This means that spring flows may consistently have high flows but these flows may not be increasing over time in contrast to flows in other seasons.

Unlike streamflow, annual rainfall did not show significant increasing trends at a majority of the studied rainfall gauging stations. Out of 21 rainfall stations, only four stations (19%, Pierre Regional Airport, Brookings 2 NE, Flandreau and Castlewood) showed significant increasing trends, and one station (5%, Winner, SD) showed a significant decreasing trend (Table 4; Figure 2). Previous studies showed that the central Great Plains region (e.g., Kansas, Nebraska, and Oklahoma) experienced increases in rainfall between 1981 and 2001 [65]. Seasonal rainfall followed the same pattern as seasonal streamflow across the state (Table 5). Rainfall stations with increasing rainfall are significantly higher in fall and winter (24% in both seasons) than in spring (10%) and summer seasons (5%). Other studies conducted in the Midwest region also reported similar seasonal patterns for rainfall trends. Karl & Knight [73], for example, reported that rainfall increased in the conterminous U.S. in fall compared to other seasons from 1910 to 1996 [75]. Similarly, a study by Small et al. [77] revealed a statistically significant trend in fall precipitation in the Upper Mississippi River watershed between 1948 and 1997. All rainfall gauging stations with significant increasing trends, which constitute 19% of the total stations, were located in eastern side of the state, while one station with significant decreasing trends is located in western SD.





The number of rainfall stations with significant trends in one-day maximum rainfall was greater than the number of stations with significant trends in annual rainfall (Table 4). Similar to one-day maximum streamflow, one-day maximum rainfall increased over the study period at 38% of rainfall gauging stations (Figure 4; Table 4). In the east, 29% of total statewide stations have significant increasing trends in one-day maximum rainfall, while 10% of rainfall gauging stations have significant increasing trends in the west (Figure 4). There were no significant decreasing trends in one-day maximum rainfall in eastern SD, while 10% of rainfall gauging stations had significant decreasing trends in the west over the study period (Figure 4).

Rainfall stations that fall in the same buffer exhibited varying trends with decreasing and increasing trends in annual rainfall. Only two streamflow stations contain more than one rainfall station in their corresponding buffers (Figure 2). The Big Sioux River station near Dell Rapid has two rainfall stations, which are Colton and Chester stations. While annual rainfall slightly decreased at the two rainfall stations around Dell Rapid streamflow station, one-day maximum rainfall showed increasing trends in both rainfall stations, with a significant increasing trend at Colton and a slight increasing at the Chester station. The Big Sioux River streamflow station near Brookings also has two rainfall observation stations (Brookings 2 NE and Flandreau), which showed significant increasing trends for annual rainfall. However, slight increasing and significant increasing trends were observed in one-day maximum rainfall at Brookings 2 NE and Flandreau station, respectively.

The magnitude of increasing trends in annual rainfall ranged between 0.58 mm/year (at Marion, SD station) to 4.48 mm/year (at Lead, SD station) (Table 4). The magnitude of decreasing trends in annual rainfall ranged between 0.38 mm per year (at Watertown Regional Airport station) to 4.6 mm/year (at Colton, SD station) (Table 4). There was no specific pattern in seasonal rainfall magnitude in the state (Table 5).

Visual inspection of streamflow time series (e.g., Figure 5) and statistical analysis (Figure 2) showed that 100% of streamflow stations and 70% of rainfall stations in the east, and 83% of streamflow stations along with 64% of rainfall stations in the west exhibited significant and slight increasing trends, suggesting that rainfall may likely be a major contributing factor to streamflow trends in the studied watersheds. However, within the buffer zones (see Figure 1), trends in streamflow (i.e., statistically significant trends) correspond to trends in annual rainfall at 11% of the studied streamflow gauging stations for annual streamflow and 28% for one-day maximum streamflow across the state (Figure 2 and Figure 4). Overall, both streamflow and rainfall significantly or slightly increased over time in the majority of studied watersheds in eastern SD compared to western SD.

Figure 5. Streamflow and rainfall time series for case SG4 in the west (a) and SG17 in the east (b) (see Figure 1 and Table 1). SG4 and SG17 are respectively Castle Creek near Deerfield Res and Hill City, and Big Sioux River near Brookings, South Dakota.
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5.2. Elasticity of Streamflow to Rainfall and Change in Grassland Area

To assess the impacts of climate variability and grassland cover change on streamflow, rainfall and grassland cover change elasticity coefficients were calculated using Equations (9) and (10). The analysis indicates that 62% of the computed rainfall elasticity coefficients varied between 1.0 and 3.0, suggesting that a 1% annual rainfall increase would result in more than a 1% annual streamflow increase. In 28% of the studied streams (i.e., five streams), rainfall elasticity coefficients were less than 1.0, indicating that rainfall did not significantly affect variation in annual streamflow over the study period. As shown in Figure 6, for two watersheds, rainfall elasticity coefficients were -0.18 (at station 06464100) and –1.54 (at station 06360500), respectively. These results suggest that a 10% increase in annual rainfall would lead to 1.8% and 15% drops in annual streamflow in these watersheds. The decrease in annual streamflow may be explained by increased evaporation losses due to temperature increase [61,78,79] as South Dakota experienced temperature increases in the last century [68] with potential effects on streamflow response in the state [79].

Figure 6. Streamflow elasticity to rainfall and change in grassland area in South Dakota watersheds. The dash line represents the Missouri River, which bisects the state into west and east.
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In comparison with climate elasticity analysis, elasticity of streamflow to change in grassland area was not significant in most study watersheds. Annual streamflow was highly elastic to change in grassland area with coefficients of 5.07 and −3.72, respectively, in only two watersheds (stations 06408700 and 06409000) out of 18 (Figure 6). The elasticity coefficients of 5.07 and −3.72 indicate that 10% increase in grassland area would cause 50% increase and 37% decrease in annual streamflow, respectively [61]. In both watersheds, the percentage of grassland was low (less than 18% of watershed area) compared to the remaining watersheds, which have more than 30% of their watershed area in grassland. Grassland losses in the two watersheds during the study period was very rapid (17% and 7%, respectively, in 1951 to 7% and 2% in 2011), suggesting that grassland losses may be the primary cause of variation in streamflow in the two watersheds as grasslands influence infiltration capability of soil [80]. Soil infiltration capacity was shown to be greater in grassland compared to cropland [80] and grassland can reduce overland flow by 20% in comparison with cropland [81]. The negative coefficient of elasticity (−3.72; Figure 6) at the Castle Creek station (06409000) indicates that a decrease in grassland cover may cause an increased streamflow in the watershed (Figure 5 and Figure 7). The rapid change in grassland area likely influenced Castle Creek’s water yield, even though the rainfall gauging station (Deerfield 4 NW) near Castle Creek showed increasing trends in rainfall (Figure 2 and Figure 5, Table 4). Grassland conversion to cropland, predominantly to corn, in the watershed draining into this stream, may have decreased ET, increased surface runoff, and increased water yield as shown by Schilling et al. [15]. At station 06408700 (i.e., Rhoads Fork), the change in grassland area and streamflow trends are in the same direction (i.e., positive elasticity coefficient; Figure 5, Figure 6 and Figure 7; Table 2). This could be explained by the absence of appropriate rainfall for agricultural activities due to drought events reported for the Rhoads Fork watershed between 1982 and 2009 [82], combined with the rapid change in grassland cover. In the absence of climate component (i.e., rainfall), available water in the watershed will decrease, causing ET to decrease and water yield to decrease, suggesting that grassland cover may have been the dominant driving factor in streamflow trends in this particular watershed. Thus, depletion of grassland cover would result in water yield decreased in Rhoads Fork watershed. However, the analysis conducted in this study did not isolate the individual contributions of rainfall and grassland area to draw definite conclusions. In the remaining 16 (89%) studied watersheds, elasticity coefficients were less than 1, which indicates that grassland area change did not have pronounced influence in the variation of annual streamflow over the study period (Figure 6).

Figure 7. Change in grassland area from 1951 to 2011 (a) in Castle Creek near Deerfield Res and Hill City (Case SG4); and (b) Rhoads Fork near Rochford (Case SG3) watersheds. The two cases are the western watersheds with a rapid decrease in grassland area after 1990.
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In this analysis, streamflow elasticity to rainfall and grassland area varied spatially across the state. It appears that streamflow is highly influenced by rainfall in eastern SD (84% of eastern watersheds) (Figure 6), while annual streamflow in 59% of western watersheds showed high elasticity to annual rainfall. Streamflow was significantly elastic to grassland area change in two out of 12 western watersheds but was not noticeable elastic to change in grassland area in eastern watersheds. Overall, the elasticity analysis revealed that rainfall explains most variations in annual streamflow across the state, with more than 50% of the streams having elasticity coefficients greater than 1 between streamflow and rainfall (Figure 6). Results from this study are comparable to other similar studies conducted for the Midwest region (including watersheds in Indiana, Illinois, Ohio, and Iowa [19]), where streamflow was shown to be elastic to rainfall [19,62].




6. Conclusions

Long-term data from 18 streamflow and 21 rainfall observation stations were analyzed for trends using a modified Mann-Kendall test. Impacts of climate variability and land use change (i.e., grassland) on streamflow were also examined using streamflow elasticity concept. Results from the trend analysis showed that annual streamflow exhibited significant upward trends in 39% of the studied streams, of which 28% are in the east and 11% are in the west. The remaining 61% streams showed increasing trends (50%) and significant decreasing trends (11%). The increasing trends were more significant in moderate flow conditions (i.e., median daily and daily average flows) compared to low flow and high flow conditions. There were significant increasing trends in 39% for daily average flow and 56% of the streams for median daily flow. Low flows (one-day minimum flow and seven-day minimum flow) showed significant upward trends in 50% of the studied streams, suggesting increasing baseflow in the state. The number of streams with significant increasing trends was less for high flow conditions (28% in one-day maximum flow; 34% in seven-day maximum flow). Analysis of seasonal flows showed 56% of streams with significant upward trends in fall and 62% in winter. Less than 35% of the studied streams showed significant upward trends in spring and summer (23% and 34%, respectively). Most of the stations with significant increasing trends were clustered in eastern SD for all flow conditions (i.e., annual, low, moderate, and high flow conditions).

Annual rainfall exhibited significant increasing trends at 19% of rainfall gauging stations, which are all located in the eastern part of the state. Forty-eight percent of rainfall gauging stations showed slight upward trends, 5% exhibited significant downward trends, and 29% showed slight downward trends. Trends in seasonal rainfall showed similar patterns as seasonal streamflow, with 48% of significant increasing trends in fall and winter seasons across the state. Upward trends for one-day maximum rainfall trends increased over the study period (38%) compared to annual rainfall increasing trends (29% in the east and 10% in the west). Of the remaining rainfall stations, 43% showed slight increasing trends, 10% showed slight decreasing trends and 10% showed significant decreasing trends.

During the study period (1951–2013), the elasticity of streamflow revealed that streamflow was more sensitive to variation in rainfall than changes in grassland area across the state, except in two watersheds located in western SD, where variation in streamflow was more sensitive to rapid loss in grassland area. Rainfall had a greater effect on streamflow in eastern watersheds compared to western watersheds.

While this study suggests that climate variability likely affects streamflow trends in the state over the study period, sustainable management of water resources needs careful consideration of all climatic and anthropogenic driving factors, which can be further examined and explored in future studies. A comprehensive assessment of streamflow response to all climatic variables such as snowfall, temperature, and ET would add to understanding of the effects of climate on hydrological response. In this study, rainfall stations were chosen within 20-km buffer of streamflow gauging stations with the assumption that they accurately represent rainfall in the study watersheds, regardless of their proximity to the stream gauging stations. In large watersheds, it is possible that rainfall in upper parts of the watershed may contribute more to streamflow than the closest precipitation station. Further studies should consider selecting rainfall stations in locations that will likely influence streamflow within the watersheds. Better land use maps with annual time series estimates of grassland area could also provide more accurate assessment of grassland impacts on hydrology. The spatial extent at which land use would start to affect streamflow response was not investigated in this study; but would certainly increase understanding of streamflow response to land use change. The results presented in this study provides a useful groundwork for additional research on climate and land use change in SD. Results would also help policy makers and watershed managers for better planning and management of water resources in SD.
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