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Abstract

:

Spring discharge hydrographs can provide information on karst aquifer connectivity and responses to precipitation. However, few studies have conducted time-series analyses of spring hydrographs over multi-decadal time scales. We examine daily discharge for three large karst springs and daily precipitation for adjoining weather stations during 1928–2019 in the Salem Plateau of southern Missouri, one of the major karst regions in the USA. For different time periods, we conducted baseflow index calculations and time-series (autocorrelation, spectral density, and cross-correlation with precipitation) analyses for discharge data, and Mann–Kendall (MK) trend analyses for discharge and precipitation data. Hydrograph separation indicates discharge is baseflow-dominated (86–94%) at all three springs. The memory effect is lower for Bennett Spring (with an auto-correlation lag time 29–41 days) than for Big Spring (60–92 days) and Greer Spring (77–112 days). Spectral density analysis indicates that annual signals dominate all three springs. Cross-correlation analysis shows a quicker response to precipitation at Bennett Spring (0–1 days) than at Big and Greer springs (1–2 days). MK trend analysis shows significant increases in discharge for all three springs over multiple decades, but not for the period 2007–2019. Increased discharge accompanies regional increases in precipitation, but may also reflect increased recharge associated with reversion of farmland to forest.
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1. Introduction


Surface and subsurface drainage networks in karst terrains often develop a single, dynamic flow system [1] that integrates sinkholes (dolines), sinking streams (swallets or ponors), conduits or caves, and springs. Groundwater flow in karst aquifers is characterized by a complex interplay of fast-flowing conduit and slow-flowing matrix systems [2,3]. Solutional widening of the fractures promotes the development of conduits and caves, which can short-circuit surface drainage pathways [4] and converge to a master conduit drained by one large spring [5,6]. The discharge of karst springs can vary significantly [7] as a result of seasonal variability in rainfall and long-term climate [8,9,10]. Consequently, karst aquifers can be highly susceptible to anthropogenic stresses, such as land-use/land-cover (LU/LC) or climate change [11].



Numerous researchers worldwide have studied karst spring responses to precipitation using various approaches (e.g., water tracing, aquifer modeling, and spring hydrograph analyses) [12]. Among those methods, hydrograph separation analysis can provide information on the behavior of the karst aquifer by delineating its flow components [13]. The response of a karst spring to precipitation is mainly controlled by the connectivity between the land surface and the rock mass drained by the spring. A well-developed conduit network allows the quick-flow (storm) response to be separated from baseflow (diffuse flow). Approaches to hydrograph separation in karst include recession curve analysis [14,15], and less commonly, the calculation of the baseflow index (BFI), which describes the proportion of baseflow to total discharge [16]. Time-series analyses (e.g., autocorrelation, cross-correlation, spectral analysis, wavelet transforms, and detrended fluctuation analysis) of hydrographs provide information on system memory and characterize the relationship between input (precipitation) and output (discharge) signals [17,18,19,20].



Few studies have conducted quantitative hydrograph analyses to examine changes in spring discharge at multi-decadal time scales [9,20,21,22,23,24,25,26,27]. Such analyses, in conjunction with analyses of precipitation time series, can provide insights into the potential effects of environmental changes on discharge. Of 419 datasets in the World Karst Spring hydrograph (WoKaS) database [28], 103 (24.5%) have durations ≥ 30 yr and 30 (7.2%) have durations ≥ 60 yr. In this study, we examine the multi-decadal time series in the WoKaS database for three large springs in the Salem Plateau of Missouri, which comprises the largest part of the Ozark Plateaus region, one of the major karst landscapes in the USA [29]. In contrast to springs with long-duration time series in other major karst regions of the USA [22,24,26], the discharge of springs in the Salem Plateau has not been significantly affected by the pumpage of the regional aquifer. Although there have been multiple studies of the spring discharge in the Salem Plateau [30,31,32,33,34,35,36], there is a dearth of studies using statistical time-series analyses. The purpose of this study is to use BFI calculations and time-series analyses to assess diffuse- and quick-flow contributions to spring discharge, characterize the range of spring responses to precipitation over various time scales, and investigate underlying trends in rainfall and discharge that could be attributable to climate and/or LU/LC change.




2. Materials and Methods


2.1. Study Area


Bennett, Big, and Greer springs (Figure 1) are among 75 first-magnitude springs in the USA [37], defined as having an average discharge of ≥2.83 m3/s [7]. Of 21 first-magnitude karst springs in the USA for which durations of discharge records were listed [38], the durations of Greer, Big, and Bennett springs ranked first, second, and sixth, respectively. Estimates of the drainage-basin areas for these springs have been constrained by extensive dye tracing [32,35,39]. Bennett Spring, Missouri’s third-largest single-orifice spring, is recharged primarily by runoff into sinkholes and losing streams [32]. Its recharge area covers ~687 km2 in Dallas and Laclede counties [40]. Big Spring is the largest spring in the Ozark Plateaus region and the largest single-orifice spring in the USA [41]. Its estimated recharge area occupies 1096–1280 km2 in Shannon, Carter, and Oregon counties [35,36,39]. Greer Spring is the second-largest spring in Missouri, with an estimated recharge area of 891–911 km2, primarily in Howell and Oregon counties [35,39].



The elevation of the Salem Plateau ranges from ~100 to 500 m above sea level [36]. Groundwater flow within the surficial Ozark aquifer occurs within relatively flat-lying, laterally extensive lower Paleozoic carbonates, which are interstratified with siliciclastic units that act as aquitards [42]. Springs occur where downcut river valleys intersect bedrock structural highs and spring basin boundaries may interfinger [42]. The dominant stratigraphic units in the middle and lower Ozark aquifer, from top to bottom, include the Cotter/Jefferson City Dolomite, Roubidoux Formation, Gasconade Dolomite, Eminence Dolomite, and Potosi Dolomite [39] (Figure 2). The Roubidoux Formation is ~76 m thick and consists of poorly sorted sandstone, sandy dolomite, and chert. The Gasconade Dolomite, which is ~46 to 92 m thick, hosts Bennett and Greer springs. Big Spring emerges from the Eminence Dolomite but also derives flow from the Potosi Dolomite [42]; the combined thickness of the two units is ~120 m [39].



Recharge occurs both by diffuse infiltration through regolith that mantles bedrock and by focused infiltration through exposed karst features (e.g., sinkholes and losing stream reaches) [29]. A soil–water balance model for the period from 2005–2014 indicated that recharge rates for the Ozark Plateaus aquifer system were spatially variable, ranging from 0 to 810 mm/yr, with a mean of 340 mm/yr [29]. For the period from 1900–2014 on the Salem Plateau, mean annual precipitation was 1100 mm and ranged from 650 to 1600 mm, while mean annual temperature was 13.5 °C and ranged from an average of −1.4 °C in winter (January–March) to an average of 27.1 °C in summer (July–September). Distribution of precipitation is bimodal, with the greatest amounts in spring (April–June, average 360 mm) and secondary peaks in autumn (October–December). Land cover in the Ozark Plateaus is predominantly forest (47.6%) and agriculture (pasture and crop land, 39.8%), with minor developed areas (6.5%), shrubs and wetlands (4.3%), open water (1.7%), and barren land (0.2%) [29]. Forests were cleared for agriculture during the late 1800s but agricultural acreage began to decrease circa 1960 [29]. Most of the recharge area for Big Spring lies within Mark Twain National Forest [35], whereas land cover for the Bennett and Greer spring basins is mainly agriculture and secondarily forest [39,40,43].




2.2. Data Collection and Processing


Nearly 100 years (1921–2019) of daily discharge records were obtained from the US Geological Survey (USGS) National Water Information System [44]. Daily precipitation data for weather stations adjoining the three springs were collected from the Midwestern Regional Climate Center (MRCC) [45]. Detailed data descriptions, including USGS and MRCC station identification numbers, data records, and elevations, are found in Table 1. Though discharge data were obtained from a single station, rainfall data were gathered from multiple stations associated with each county to account for data gaps. If more than ten records were missing for a given month, the data for that station during that month were excluded from the analyses. Due to the data gaps, the Bennett Spring and Big Spring discharge data were separated into three time intervals: 1928–1941, 1965–1995, and 2007–2019. Greer Spring discharge records were consistent from 1921 to 2019, but discharge was divided into the same time periods as Bennett and Big Spring for some time-series analyses.




2.3. Hydrograph Separation


All spring discharges were partitioned into quick-flow and baseflow components using Web-based Hydrograph Analysis Tool (WHAT) software with a recursive digital filter [46], assuming that karst conduits are analogous to streams and the matrix is analogous to the porous aquifer in WHAT’s dual-domain conceptualization. As WHAT requires complete time series (no missing records), the hydrograph separation was performed for consistent discharge records for individual springs: 1928–1941, 1965–1995, and 2007–2019 for Bennett Spring; 1928–1996 and 2000–2019 for Big Spring; and 1921–2019 for Greer Spring. We initially conducted hydrograph separations using the range of maximum BFI (BFImax) values provided [47], from 0.25 for perennial streams with hard-rock aquifers to 0.80 for perennial streams with porous aquifers. Since hydrographs with BFImax = 0.80 consistently showed baseflow less than total discharge, we subsequently conducted hydrograph separations by increasing BFImax until a linear regression of log10 baseflow versus log10 total discharge resulted in an r2 value of 0.95 for each data set. We used log-transformed data to limit the influence of peak discharge values on the regression, and we selected a cutoff of r2 = 0.95 (instead of a higher value) with the recognition that overly high r2 values would unrealistically overestimate baseflow contributions to discharge peaks.




2.4. Statistical Time-Series Analysis


2.4.1. Autocorrelation


The autocorrelation function (ACF) determines the linear dependency of consecutive values over time [48]. The autocorrelogram is calculated from the decorrelation of lag time (k). The threshold of the autocorrelation function (rk) is usually between 0.1 and 0.2 because white noise dominates beyond this point [15,49]. In general, the shape of the autocorrelogram determines the memory effect of the system, which provides information on the extent of karstification and groundwater flow reserves of the karst aquifer [50]. We conducted autocorrelation analysis on discharge for the time intervals 1928–1941, 1965–1995, and 2007–2019 for all three springs.




2.4.2. Spectral Analysis


Spectral analysis determines the periodic components of the karst aquifers by analyzing the frequency domain in the time series [49]. We used the Lomb–Scargle Periodogram (LSP) algorithm to determine the periodic components on the discharge time series. The periodogram estimates the power of spectral density of a signal. Similar to the autocorrelation, spectral analysis was performed on the discharge time series for 1928–1941, 1965–1995, and 2007–2019 for all three springs. The LSP function was used to identify inflection points (i.e., slope breaks) representing a periodic component (inverse of the frequencies) in the system. The LSP enables calculation of the actual lag time corresponding to the cyclic component (oscillation) and determination of whether periodicity in the system is statistically significant [51].




2.4.3. Cross-Correlation


The cross-correlation function (CCF) transforms the input signal (e.g., precipitation) to the output signal (spring discharge), thereby providing information on the degree of karstification [17,23,49]. The delay between precipitation and spring discharge (from lag 0 to a maximum CCF value) indicates the pressure-pulse transfer time through the aquifers [52]. The cross-correlogram mimics the flood hydrograph, which has a rising limb, peak discharge, and recession limb [53].



As CCFs require consistent paired time series, we used similar discharge and rainfall series for multiple time intervals for each spring. Lebanon 2 W, Van Buren 1 NE and Van Buren 7.2 SW, and Alton were selected as the adjoining weather stations for Bennett, Big, and Greer springs. We conducted CCF calculations using data from these stations for the periods 1965–1995 for Bennett Spring, 1960–1983 for Big Spring, 1994–2019 for Greer Spring, and 2007–2019 for all three springs. Due to interbasin recharge [42], West Plains rainfall was also considered as an input for Big and Greer springs for the periods 1928–1996 and 2000–2019. All time-series analyses (autocorrelation, spectral analysis, and cross-correlation) were performed in R version 3.6 and RStudio version 0.97.124 [54].





2.5. Mann-Kendall Test


The Mann–Kendall (MK) test is a robust non-parametric, ranked-trend test that indicates the presence of a downward or upward trend in a time series. We used the MK trend test on spring discharge and rainfall time-series to observe whether monotonic (increasing or declining) trends occur. The Sen–Theil (Sen’s) slope was calculated to assess the magnitude of the trend in discharge and rainfall records for all three springs [55,56].



Positive serial correlation or autocorrelation can inflate the variance of the MK statistics, thus increasing the possibility of a type-I error (rejecting a null hypothesis where there is no trend) [57]. It is a common practice to prewhiten the time series by autoregressive or autoregressive moving average models to reduce the impact of serial correlation [58,59]. However, prewhitening can change the inherent properties (e.g., trend, seasonality) of the original series, especially for hydroclimatic variables [59]. Therefore, we have not removed the autocorrelation for the MK trend test. Similar to the time-series analysis, the MK trend test was conducted on multiple subsets of discharge and rainfall series using R version 3.6 and RStudio version 0.97.124.





3. Results


3.1. Spring Discharge and Rainfall


The average discharge was >2.83 m3/s for each period of record for all three springs, which classifies them as first-magnitude, which is consistent with historical data [7]. The mean discharge was highest for Big Spring, whereas the maximum discharge was observed for Bennett Spring (Table 2). Mean discharge values for Bennett Spring were 4.3 m3/s for 1928–1941, 5.6 m3/s for 1965–1995, and 5.4 m3/s for 2007–2019. Discharge ranged from 2.1 m3/s on 12 January 1974 to 180 m3/s on 1 October 1986. For Big Spring, mean discharge values were 12.7 m3/s for 1921–1996 and 13.3 m3/s for 2000–2019. Discharge ranged from 6.7 m3/s on 6 October 1956 to 56.3 m3/s on four dates (3 December 1982; 1 May 1983; 24 February 1985; and 21 November 1985). Mean discharge for Greer Spring was 9.9 m3/s, with a range from 2.9 m3/s on 16 November 1956 to 28.6 m3/s on 3 December 1982.



Mean 1-day rainfall values were similar for Van Buren (3.18 mm), Lebanon (3.26 mm), and Alton (3.31 mm) but notably higher for West Plains (4.48 mm). The two highest 1-day rainfall totals were recorded on 12 March 1982 (212 mm at Alton and 193 mm at Van Buren). Maximum 1-day rainfalls were lower and similar at West Plains (176 mm on 29 April 2017) and Lebanon (167 mm recorded on 27 September 2016).




3.2. Hydrograph Separation


Hydrograph separation indicates that baseflow dominates discharge for all three springs (Table 2 and Figure 3, Figure 4 and Figure 5). Values of BFImax were 0.912 (for both 1928–1941 and 1965–1995) to 0.914 (for 2007–2019) for Bennett Spring, 0.924 (for 1928–1996) to 0.944 (for 2000–2019) for Big Spring, and 0.860 for Greer Spring.




3.3. Statistical Time-Series Analysis


3.3.1. Autocorrelation


For the period from 1928–1941, the steep slope on the auto-correlogram shows a moderate memory effect (k = 29 days) for Bennett Spring (Figure 6). In contrast, the gentle slopes for Big and Greer springs for the same period indicate an extensive memory effect (k = 92 days and 112 days, respectively). Overall, the k value was greatest (142 days) for Greer Spring during 1965–1995. For Bennett Spring, k increased to 35 days for 1965–1995 and 41 days for 2007–2019, whereas k decreased to 72 days and 60 days over the same periods for Big Spring, and decreased to 77 days for Greer Spring during 2007–2019 (Figure 6).




3.3.2. Spectral Analysis


The discharge LSP reveals that the annual signal dominates all three springs (Figure 7), but Bennett Spring has lower power (200–300), indicating a relatively quick response to a single rainfall event [44]. Greer Spring has the highest power spectrum (500–1200). In addition to the annual component, significant seasonal (100–180 days) and pluriannual (400–1800 days) discharge cycles are evident for all three springs (Figure 7).




3.3.3. Cross-Correlation


Lag-time (Tlag) values calculated from CCF were relatively brief for all three springs, and peak CCF (Cxy(k)) values were relatively consistent over time for each spring, with Cxy(k) highest at Bennett Spring, intermediate at Big Spring, and lowest at Greer Spring. For rainfall at Lebanon and discharge at Bennett Spring, Tlag was 0 days for 1965–1995 (at peak Cxy(k) = 0.37; Figure 8) and 1 day for 2007–2019 (at peak Cxy(k) = 0.40; Figure 9). For rainfall at Van Buren and discharge at Big Spring, Tlag was 2 days for 1960–1983 (at peak Cxy(k) = 0.22; Figure 8) and 1 day for 2007–2019 (at Cxy(k) = 0.28; Figure 9). The CCF between Alton rainfall and Greer Spring discharge shows a Tlag of 1 day for 1994–2019 at peak Cxy(k) = 0.16 (Figure 8). Considering West Plains’ rainfall as an input to both Big and Greer springs, Tlag values were 2 days for both 1928–1996 (Cxy(k) = 0.21 for Big Spring and 0.15 for Greer Spring) and 2000–2019 (Cxy(k) = 0.26 for Big Spring and 0.17 for Greer Spring) (Figure 10).





3.4. Mann-Kendall Trend Test


For Bennett Spring, there is a significant positive (upward) trend (tau = 0.222, p < 0.001) in discharge but a significant negative trend in precipitation at Lebanon (tau = −0.021, p = 0.003) for 1965–1995 (Table 3). For 2007–2019, there is a significant downward trend in both discharge at Bennett Spring (tau = −0.115, p < 0.001) and precipitation at Lebanon (tau = −0.028, p = 0.009) (Table 3). We observed significant upward trends in discharge at Big Spring for 1965–1995 and 1928–1996 (tau = 0.122 and p < 0.001 for both time intervals), and at Greer Spring for all three intervals (tau = 0.129 and p < 0.001 for 1965–1995; tau = 0.096 and p < 0.001 for 1928–1996; tau = 0.04 and p = 0.04 for 2007–2019) (Table 3). Precipitation for Van Buren (adjacent to Big Spring) shows a significant upward trend for 1965–1995 (tau = 0.025, p < 0.001) but not for 2007–2019, whereas precipitation for Alton (adjacent to Greer Spring) shows a significant upward trend for 2007–2019 (tau = 0.067, p < 0.001) (Table 3). Precipitation for West Plains does not show a significant trend for 1928–1996 or for 2000–2019.





4. Discussion


The discharge values ranged over almost two orders of magnitude for Bennett Spring and over almost an order of magnitude for Big and Greer springs, but discharge overall was dominated by the baseflow at each spring. The actual maximum discharge at Bennett Spring is assumed to be 28 m3/s, 16% of the maximum value in Table 2, because the gauge is affected by runoff in an adjoining ephemeral stream (Spring Hollow) [32]. The actual maximum discharge at Big Spring may be 34 m3/s, 60% of the maximum value in Table 2, because backflooding from the adjoining Current River during periods of high flow complicates discharge measurements [35]. The relative order of mean discharge values scales with the basin area (Bennett < Greer < Big). BFImax values in this study are comparable to that obtained for a Brazilian stream dominated by baseflow from porous rocks (0.95) [60]. Based on a dimensionless theoretical hydrograph using the water levels in observation wells during 2008–2009, a BFI value of ~0.80 was obtained for Big Spring [36]. However, physical hydrograph separation using the program HYSEP [61] overestimated baseflow at Big Spring during 2001–2004 [35]. Combining physical and chemical hydrograph separation (based on specific conductance) at Big Spring resulted in annual BFI values of 0.681 to 0.916, versus values of 0.901 to 0.952 calculated by HYSEP [35]. Annual BFI values determined by physical hydrograph separation for major karst springs elsewhere ranged from 0.727 to 0.902 (mean 0.846, n = 10 years) for an ~81-km2 basin in southwest China [16] and from 0.47 to 0.89 (mean 0.73, n = 7 years) for an ~100-km2 basin in west-central Portugal [62].



Time-series analyses indicate both similarities and differences in the hydraulic functioning of the three springs. ACF results indicate k values in the order Bennett < Big < Greer for each studied period. The overall range of k values (29–142 days) encompasses the range reported for major karst springs in Slovenia (32 days) [23], China (~60 days) [48], France (76 days) [46], Portugal (79 days) [60], Greece (83 days) [50], and Morocco (37–117 days) [21]. The considerable inertia for Big and Greer springs is consistent with tritium, chlorofluorocarbon, and SF6 data that suggest mean groundwater ages of 40 to >200 years [35]. Spectral analyses indicate that the annual signal is the strongest for all three springs in this study, with secondary pluriannual and seasonal peaks. The order of power values (Bennett < Big < Greer) indicates that Bennett Spring is most affected by quick responses to precipitation. Peak Cx,y(k) values are in the order Bennett > Big > Greer, with Tlag values for Bennett Spring (0–1 day) being slightly shorter than for Big and Greer springs (1–2 days). These Tlag values are similar to those determined for Malenščica spring in Slovenia (0–2 days) [23] and Maoshuikeng spring in southwest China (2 days) [48]. The Tlag values for Big Spring are similar to the time constant of 1.5 days used in dimensionless hydrograph modeling [36]. Physical and chemical hydrograph separation and quantitative dye tracing indicate that storm water arrives at Big Spring 8–11 days after infiltration [35]. Collectively, our results suggest that each of the three springs responds to precipitation over different time scales, but that Bennett Spring responds most rapidly, which is consistent with its smaller basin area and with the gauge being affected by runoff at high flow levels. Differences between Big Spring (for which k and power values are lower, peak Cx,y(k) values are higher, and the CCF declines more rapidly after the peak) and Greer Spring indicate that the extent of karst development also plays a role (i.e., the conduit network appears to be better developed in the larger Big Spring basin) [13,17].



Over multiple decades, MK trend analysis indicates significant increases in the discharge for Bennett Spring (1965–1995), Big Spring (1965–1995 and 1928–1996), and Greer Spring (1921–2019). The results are more ambiguous for 2007–2019, with a significantly decreasing trend for Bennett Spring, a slightly significantly increasing trend for Greer Spring, and no significant trend for Big Spring. The results of MK trend analysis for rainfall at individual stations over multiple periods are likewise ambiguous, with decreasing trends for Lebanon (1965–1995 and 2007–2019), an increasing trend for Van Buren for 1960–1983 (but no significant trend for 2007–2019), an increasing trend for Alton (2007–2019), and no significant trends for West Plains (1928–1996 and 2000–2019). However, trend analyses encompassing multiple stations in the region indicate significant multi-decadal increases in rainfall. For the 190.6-km2 Big Barren Creek watershed, located primarily in Carter County, rainfall at six adjoining stations (including West Plains) increased on average 0.22 cm/year from 1955 to 2015 [63]. Mean annual precipitation in the southern Ozark Plateaus (southern Missouri and northern Arkansas) increased 0.27%/year from 1951 to 2011 [29]. Long-term increases in spring discharge may thus reflect increases in precipitation but may also reflect the decreased agricultural LU/LC [29]. In particular, decreasing k values over time for the Big Spring basin may reflect reforestation, which would promote recharge, although Pavlowsky et al. [63] noted “it is not clear to what degree long-term adjustments to historical land clearing are still affecting watersheds today,” and decreased k values for springs in Morocco were associated with drought [21]. Recent (2007–2019) changes in discharge could also result in part from an increase in the frequency of extreme rainfall events [63], which would promote runoff rather than diffuse infiltration. However, the reason for the disappearance of the 1600–1800-day discharge cycle in spectral analysis for 2007–2019 is unclear. Changes in discharge are probably not significantly affected by groundwater pumping; combined daily pumping rates as of 2010 for all counties within each spring basin [29] were only 3.0% to 8.4% of the mean discharge rate for each spring. Overall, the multi-decadal increases in discharge for springs in this study are consistent with the trend for Comal Springs (Texas, 1933–2007) [22] and contrast with multi-decadal decreases for springs in southern Italy [27].




5. Conclusions


Analyses of daily discharge data for three large karst springs and of daily rainfall for the adjoining weather stations in the Salem Plateau of southern Missouri provide insights into the controls on spring discharge over nearly a century (1928–2019). Few studies have conducted quantitative hydrograph analyses of such durations for karst springs, and, other than trend analyses, no long-term time-series analyses had been conducted for the study area, which is one of the major karst regions of the USA. Calculated BFImax values based on physical hydrograph separation indicate that discharge at each spring is baseflow-dominated (86–94%). Statistical time-series analyses indicate that Big and Greer springs are marked by considerable inertia, with k values of 2 to >4 months. Discharge at all three springs shows rapid responses to rainfall (within 2 days) and strong annual periodicity. Significant multi-decadal increases in discharge during the 20th century coincide with regional-scale increases in precipitation, although more recent data (2007–2019) do not show consistent increases in discharge. Since the reforestation of agricultural land (particularly in the Big Spring basin) may have promoted recharge, more detailed studies of LU/LC changes at the basin scale and their impacts on recharge are warranted.
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Figure 1. Map of state of Missouri showing physiographic regions and monitoring sites. 
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Figure 2. Hydrostratigraphic column showing Ozark aquifer and underlying confining unit; 1.00 ft = 0.305 m. Adapted with permission from Ref. [39]. Copyright 2020, Jordan Vega. 
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Figure 3. Separation of flow components for Bennett Spring over different time intervals using WHAT. 
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Figure 4. Separation of flow components for Big Spring over different time intervals using WHAT. 
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Figure 5. Separation of flow components for Greer Spring using WHAT. 
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Figure 6. Autocorrelation plots for the studied springs for 1928–1941, 1965–1995, and 2007–2019. The horizontal black dashed line at rk = 0.2 indicates the white noise threshold. The horizontal blue dashed lines represent the statistical significance at 95% of confidence intervals. 






Figure 6. Autocorrelation plots for the studied springs for 1928–1941, 1965–1995, and 2007–2019. The horizontal black dashed line at rk = 0.2 indicates the white noise threshold. The horizontal blue dashed lines represent the statistical significance at 95% of confidence intervals.



[image: Hydrology 09 00096 g006]







[image: Hydrology 09 00096 g007 550] 





Figure 7. Lomb–Scargle periodograms for the studied springs for 1928–1941, 1965–1995, and 2007–2019. The horizontal dashed line represents the power spectrum (=15) above which the slope breaks (i.e., periodicities) are significant. 
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Figure 8. Cross-correlation plots for rainfall at adjoining stations and discharge at the studied springs for different time intervals. The horizontal blue dashed lines represent the statistical significance at 95% of confidence intervals. 
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Figure 9. Cross-correlation plots for rainfall at adjoining stations and discharge at the studied springs for 2007–2019. The horizontal blue dashed lines represent the statistical significance at 95% of confidence intervals. 
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Figure 10. Cross-correlation plots for rainfall at West Plains and discharge at Big and Greer springs for 1928–1996 and 2000–2019, respectively. The horizontal blue dashed lines represent the statistical significance at 95% of confidence intervals. 
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Table 1. Sources of data used in the study. Note that annual data gaps exist for all sites except Greer Spring. Elevation in m above sea level. Discharge data are taken from [44] and precipitation data from [45].
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	Site
	Data Type
	Site Number
	Elevation (m)
	Period of Record





	Bennett Spring
	Discharge
	6923500
	264
	1928–2019



	Big Spring
	Discharge
	7067500
	131
	1921–2019



	Greer Spring
	Discharge
	7071000
	172
	1921–2019



	Lebanon 2W
	Precipitation
	234825
	380
	1892–2019



	Van Buren 1 NE
	Precipitation
	238569
	151
	1937–2006



	Van Buren 7.2 SW
	Precipitation
	US1MOFSA035
	199
	2001–2019



	Alton
	Precipitation
	230127
	248
	1940–2019



	West Plains
	Precipitation
	23880
	337
	1948–2019
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Table 2. Summary statistics for discharge, stormflow, and baseflow (in m3/s) for studied springs.
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Bennett Spring




	
1928–1941 (n = 4748 days)

	
Mean

	
Std. Error

	
Median

	
Max.

	
Min.




	
Discharge

	
4.30

	
0.05

	
3.43

	
73.1

	
1.6




	
Surface Runoff

	
0.38

	
0.02

	
0.11

	
41.1

	
0




	
Baseflow

	
3.92

	
0.04

	
3.28

	
37.7

	
1.6




	
1965–1995 (n = 10,957 days)

	
Mean

	
Std. Error

	
Median

	
Max.

	
Min.




	
Discharge

	
5.56

	
0.04

	
4.33

	
180

	
2.1




	
Surface Runoff

	
0.47

	
0.02

	
0.11

	
123

	
0




	
Baseflow

	
5.09

	
0.03

	
4.17

	
56.3

	
2.0




	
2007–2019 (n = 4383 days)

	
Mean

	
Std. Error

	
Median

	
Max.

	
Min.




	
Discharge

	
5.39

	
0.07

	
4.10

	
88.6

	
2.1




	
Surface Runoff

	
0.46

	
0.03

	
0.10

	
50.6

	
0




	
Baseflow

	
4.93

	
0.05

	
3.95

	
37.9

	
1.2




	

	
Big Spring




	
1921–1996 (n = 27,394 days)

	
Mean

	
Std. Error

	
Median

	
Max.

	
Min.




	
Discharge

	
12.7

	
0.03

	
11.2

	
56.6

	
6.68




	
Surface Runoff

	
0.95

	
0.01

	
0.58

	
32.3

	
0




	
Baseflow

	
11.7

	
0.02

	
10.5

	
34.7

	
4.81




	
2000–2019 (n = 6939 days)

	
Mean

	
Std. Error

	
Median

	
Max.

	
Min.




	
Discharge

	
13.3

	
0.05

	
12.2

	
37.9

	
7.22




	
Surface Runoff

	
0.74

	
0.01

	
0.44

	
17.6

	
0




	
Baseflow

	
12.6

	
0.05

	
11.7

	
33.7

	
4.12




	

	
Greer Spring




	
1921–2019 (n = 35,794 days)

	
Mean

	
Std. Error

	
Median

	
Max.

	
Min.




	
Discharge

	
9.91

	
0.02

	
9.42

	
28.9

	
2.94




	
Surface Runoff

	
1.39

	
0.01

	
1.03

	
19.8

	
0




	
Baseflow

	
8.52

	
0.02

	
8.18

	
21.4

	
2.57
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Table 3. Summary of Mann–Kendall trend test of the discharge for studied springs and rainfall. Kendall tau, Z-values, and Sen’s slope values represent means for each time series. Z-value and Sen’s slope were not calculated for Greer Spring for 1921–2019 time series because of the large number of data points. * indicates no statistical significance at a 95% confidence interval.
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	Variable (Time Interval)
	Spring
	Kendall tau
	Z-Value
	Sen’s Slope
	p-Value



	Discharge (1965–1995)
	Bennett
	0.222
	34.7
	0.009
	<0.001



	
	Big
	0.122
	19.2
	0.008
	<0.001



	
	Greer
	0.129
	20.2
	0.009
	<0.001



	Discharge (1928–1996)
	Big
	0.122
	19.2
	0.007
	<0.001



	Discharge (1921–2019)
	Greer
	0.096
	-
	-
	<0.001



	Discharge (2007–2019)
	Bennett
	−0.115
	−11.3
	−0.005
	<0.001



	
	Big
	0.016
	1.59
	0.002
	0.11 *



	
	Greer
	0.02
	2.04
	0.01
	0.04



	Variable (Time Interval)
	Station
	Kendall tau
	Z-Value
	Sen’s Slope
	p-Value



	Precipitation (1960–1983)
	Van Buren
	0.025
	4.83
	0.0001
	<0.001



	Precipitation (1965–1995)
	Lebanon
	−0.015
	−2.94
	0.00004
	<0.001



	Precipitation (1928–1996)
	West Plains
	0.008
	1.47
	0.0001
	0.14 *



	Precipitation (2000–2019)
	West Plains
	−0.006
	−9.01
	−0.000004
	0.36 *



	Precipitation (2007–2019)
	Lebanon
	−0.023
	−2.58
	−0.0004
	0.009



	
	Van Buren
	0.014
	1.74
	−0.00003
	0.08 *



	
	Alton
	0.067
	8.01
	0.0003
	<0.001
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