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Freshwater springs and other groundwater-dependent ecosystems represent important natural resources in landscapes, providing consistent, high-quality water to both freshwater and terrestrial organisms. However, spring and GDE conservation does not appear to be a prominent feature on the US conservation radar. Therefore, this study evaluated the distribution and size of springs in the US with the national water dataset: the US Geological Survey National Water Information System. Using all available measurements of spring discharge and the sampling dates for all springs with data in the dataset (10,279 springs), I compared the number and sizes of springs between states and, where time series were available, determined whether the springs were maintaining historic discharges. I evaluated data quality using the date of the last sampling, number of times sampled, and the length of time sampled for each spring. Finally, I searched the literature for spring endemic species and recorded the states in which they occurred. Within the database, springs were most abundant in western states, but average discharges were largest for states in the southeast and for Idaho and Alaska. Very large springs occurred in some western states, but the multitudes of tiny springs reduced the average discharges. The data were poorly resolved as many of the springs had been sampled only once, often 40–50 years ago. Time series were available only for 126 springs and half of these springs exhibited declines in discharge. Endemic species were mentioned in the literature for 24 states, particularly those in the lower half of the country, and so loss of spring integrity would threaten biodiversity in many states. Due to the poor resolution of the data, broad conclusions about the integrity of these important freshwater systems are difficult to impossible to make for most states using the national dataset. Therefore, I call for a concerted national effort to more broadly evaluate spring and GDE resources. Springs and GDEs are likely to become even more important in the future as climate changes and their roles as freshwater refuges, temperature buffers, and bellwethers become even more important.
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INTRODUCTION
The spatial extent of the United States makes it one of the largest countries in the world. Conservation on such a scale represents a massive undertaking. As a result, conservation goals must be prioritized, since it is difficult to intensively manage all natural resources simultaneously. Research and policy can help to set those priorities. In the 1980s, the US Fish and Wildlife Service undertook an evaluation of wetland losses from the 1700s to their present, which culminated in a report to Congress in 1990 (Dahl, 1990). This report generated interest in wetland conservation and led to the “No Net Loss” policy for wetland conservation. Whether this policy has produced its desired goal has been hotly contested with some authors suggesting that wetland conservation claims have been overstated, either in terms of acres of wetlands conserved or the ability of those conserved wetlands to preserve their function (e.g., .Turner et al., 2001; Bendor, 2009). However, having an imperfect policy for natural resource protection, which can be refined over time, is better than unmanaged landscape conversion. This policy also led to research into wetland management approaches such wetland mitigation and mitigation banking (e.g., Bendor, 2009; Mayer and Lopez, 2011; Levrel et al., 2017). The ability of these approaches for preservation of natural or appropriately functioning wetlands also has been vehemently debated.
In addition to wetlands, there are other examples of natural resources that have received national scrutiny and protection, such as some old growth forests or landscapes protected under the umbrella of national parks. However, many other natural resources have either no explicit protection or only variable state protection. Freshwater springs and other groundwater-dependent ecosystems (GDEs) provide an example of a type of natural resource that is: 1) important ecologically (Cantonati et al., 2012; Davis et al., 2017) and 2) underprotected in the US (Howard and Merrifield, 2010; Junghans et al., 2016; Rohde et al., 2017; Cantonati et al., 2020; Stevens et al., 2020). Freshwater springs and GDEs provide unique freshwater resources to every landscape in which they occur (Barquín and Scarsbrook, 2007; Cantonati et al., 2020). In arid areas, they may represent the only reliable freshwater for both aquatic and terrestrial organisms (Shepard, 1993; Sada et al., 2005; Stevens and Meretsky, 2008; Davis et al., 2017; Cartwright et al., 2020), but in all types of habitats, they may provide a temperature buffer for freshwater organisms. In warm climates and seasons, they may provide a permanent water source and cool water refuge (Davis et al., 2013; Caldwell et al., 2020; Cartwright et al., 2020), whereas in colder climates and seasons, they may provide access to warm water refuges and perhaps water that is not frozen (Ilmonen, 2008; Caldwell et al., 2020). Furthermore, freshwater springs and GDEs receive their water from aquifers that are recharged by water that percolates through the soil; this percolation process changes the water chemistry of spring water relative to the surrounding surface water (Barquín and Scarsbrook, 2007; Springer and Stevens, 2009; Junghans et al., 2016). As a result of the percolation process, the chemistry of the water supplying springs and GDEs typically reflects the chemistry of the local groundwater rather than that of the surface water and may possess fewer pollutants than surface water, although the spring water chemistry may change quickly after issuing from underground (Barquín and Scarsbrook, 2007; Cantonati et al., 2012; Junghans et al., 2016). Because springs and GDEs represent leakage from underground aquifers, they typically occur disparately in the landscape (Shepard, 1993; Davis et al., 2017). This disconnect between individual springs/GDEs can be particularly extreme in arid areas, producing a level of isolation that has led to a large number of endemic species that reside only in springs and GDEs, sometimes in one system only (Cantonati et al., 2012; Davis et al., 2013; Davis et al., 2017; Cantonati et al., 2020; Cartwright et al., 2020).
Springs and GDEs also represent a window into the nation’s groundwater resources (Howard and Merrifield, 2010; Giardina, 2011), on which the entire nation, both the human and non-human, depends either directly or indirectly. Many states use groundwater for drinking water and others use groundwater for irrigation (Alley, 2006). At the same time, there are ecosystems all over the world that depend on access to groundwater for survival (Rohde et al., 2017). Despite the importance of these groundwater-dependent ecosystems (of which springs are one example), there is no national policy protecting them (Howard and Merrifield, 2010; Rohde et al., 2017), although the USGS collects data on spring discharges and, in some cases, water quality. Many springs have been made the focal point of state parks (e.g., Silver Spring State Park, FL; Mammoth Spring State Park, AR; Mammoth Cave National Park, KY; Bennett Spring State Park, MO; Thousand Springs State Park, ID) or federal reserves (e.g., Crystal River National Wildlife Refuge, FL; Ash Meadows National Wildlife Refuge, NV; Fish Springs National Wildlife Refuge, UT) and it is likely that these springs receive greater scrutiny and protection than the host of other springs and GDEs that occur in landscapes across the country. A number of researchers are working towards a more complete picture of spring classification, distribution, density, and ecosystem integrity (Springer and Stevens, 2009; Howard and Merrifield, 2010; Junghans et al., 2016; Stevens et al., 2020); for example, the online database from the University of Northern Arizona, Springs Online, contains physical, chemical, and biological data on thousands of springs throughout the southwestern US and a growing number of springs outside this region. Despite this concerted effort, many of the spring studies are be done in-house by state and federal scientists, staff at the parks and refuges themselves, or by nearby academic researchers, producing a scattershot picture of the nation’s spring and GDE resources. The data produced by agencies, parks, refuges, and academics may or may not be used for local management and may or may not be published, reducing the clarity of the picture of spring and GDE resource integrity on a national level. However, from studies that have been published, we know that springs and GDEs are threatened in at least some areas. For example, many of Florida’s springs have experienced declines in discharge and water quality over the last 50 years (Barquín and Scarsbrook, 2007; Knight and Clarke, 2014; Work 2020), as have springs in west Texas (Nicot et al., 2022). The geologic landscape that produces springs and other GDEs differs across the country (Florea and Vacher, 2006), so the integrity of springs and GDEs throughout the country also likely differs.
The alarm call for springs and other GDEs, which began decades ago (e.g., Shepard, 1993), has only continued to sound and has gotten louder and more global as time has passed (Sada, 2001; Barquín and Scarsbrook, 2007; Kodrick-Brown and Brown, 2007; Stevens and Meretsky, 2008; Cantonati et al., 2012; Davis et al., 2017; Cantonati et al., 2020; Cartwright et al., 2020; Stevens et al., 2020). Given the increasing threat to springs and other GDEs globally and the incomplete nature of the current picture of these resources in the US, the purpose of this study was fourfold. First, I evaluated the distribution of springs in the US, as represented in the USGS database, to determine where the highest densities of springs are and where the largest springs occur. Second, I evaluated the quality of those data in terms of the frequency and temporal proximity of sampling (i.e., how recently sampled) to determine whether springs are being evaluated regularly. Third, I evaluated trends in spring discharge over time when sufficient time series were available to determine whether the integrity of their discharges were being maintained. Finally, I evaluated the spatial distribution of identified spring endemic species in the literature to determine where biodiversity may be most vulnerable to spring losses. I used these four analyses to evaluate whether the US has collected and is collecting sufficient data to manage, conserve, and/or preserve its springs, groundwater-dependent ecosystems, and the species that occur within them.
METHODS
To evaluate the quantity and quality of US spring discharge data, I collected discharge data for springs represented in the USGS National Water Information System (NWIS) database. I collected these data from the NWIS mapper by opening the data files for every spring with discharge data for each state in the US. The NWIS database contains location data for tens of thousands of springs, but many of these files have no associate discharge data. Therefore, I reduced the search to the springs that were coded as having “measurements”, although this filtering process may have resulted in some data loss. I collected all discharge data for each spring. However, this process produced data that were very biased because some springs had only one data point and others had hundreds or thousands. Therefore, I randomly selected one data point from the dataset for each spring that had multiple data points using the “randbetween” function in MS Excel. This function produced a random number between 1 and the maximum number of data points in the dataset. I used this random number to select the data point to represent the discharge for the spring. I repeated this process for each spring that had a dataset of more than one point. Then I calculated the mean and standard error of the discharges in each state to estimate the magnitude and variability in spring discharge for each state.
To provide the USGS NWIS discharge data with some context, I collected data from two additional sources. First, I collected historical information on Texas springs. Brune (1980) visited hundreds of springs in 182 of the 254 counties of Texas and recorded a variety of archeological information, land use history, and any known changes in flow for each spring. I recorded the total number of springs and the number that he described as having lost flow for each of these counties. Second, to provide biological context for the importance of the discharge data, I scoured the literature for references to endemic species in US springs. I recorded the name and state of origin for each species that I found and then summed the number of endemic species for each state.
Statistical analysis
To address my first study goal, I compared whether the number of springs differed between states by comparing the counts for each state to the global mean number of springs across the US with a chi-square test in RStudio (R Core Team, 2022). To evaluate whether spring discharge differed between states, I compared the states’ average spring discharges with a Kruskall-Wallis test followed by Wilcoxon multiple comparisons in JMP (JMP®, 2012). I created maps showing the number of springs, the average discharge, and the standard error of the means for each state using “maps” (Becker et al., 2022) and “ggplot2” in RStudio (Wickham, 2016).
To address my second study goal, I first evaluated when the spring had last been sampled and calculated an average last sample date for the state. Then I calculated an index of data quality using the time since each spring had been last sampled, the number of data points in the data set for each spring, and the number of years that each spring had been sampled:
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I compared the index of data quality with the average and maximum discharges in a state with regression using “lm” in RStudio (R Core Team, 2022).
To address my third study goal, I evaluated whether there were trends in spring discharges using Mann Kendall’s tau using “Kendall” in RStudio (McLeod, 2022) for all of the springs that had time series data that represented a span of 20 or more years, had at least 10 data points in this series, and had been sampled in the 2000s. The discharge of many of the springs in the dataset were highly variable, including periods of little or no flow for some springs, so I categorized this variability using the discharge variability ratio, or DVR (Stevens et al., 2020, after Meinzer 1923):
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Discharge mean, where DVR = 1 represented constant flow, 1 > DVR < 10 represented moderately variable flow, DVR > 10 represented highly variable flow, and undefined DVR represented ephemeral flow.
For Texas, I correlated the percent of drying springs in the 1970s to the tau coefficient of the time series for the springs in each county described by Brune (1980) using Spearman rank correlation in SPSS (IBM Corp, 2019). I made a map with color shading to indicate the percent of springs of each county that were drying in the 1970s using “maps” (Becker et al., 2022) and “ggplot2” in RStudio (Wickham, 2016)and overlaid graphs of the time series from USGS NWIS.
Finally, to address my fourth study goal, I determined whether there was a relationship between the number of endemic species and the number of springs in a state with Spearman rank correlation in SPSS (IBM Corp, 2019). I plotted this relationship using “maps” (Becker et al., 2022) and “ggplot2” in RStudio (Wickham, 2016).
RESULTS
The number of springs for which there were “measurement” data in the NWIS dataset varied from 1 to 1,764 (Supplementary Table S1) and differed for each state (p = 2.2 × 10−16). The states with the lowest numbers of springs were in the upper Midwest (Ohio west to Minnesota) and the states with the highest numbers of springs were in western states (Montana south to Arizona and Texas). The database contained spring discharge data for all but eight of its states. However, these eight states (Maine, Vermont, Connecticut, Michigan, Indiana, South Carolina, Mississippi, and Louisiana) were surrounded by states that possessed data for spring discharges (Figure 1A). The discharge of springs within states differed greatly, in some cases from no flow to very high discharge, but even so, the average spring discharge differed between states (p < .0001, Figure 1B; Supplementary Table S2). The largest average discharges were in the south (Missouri south and east through Florida), Idaho, and Alaska; these areas also possessed the highest average variability in spring discharge (Figure 1C). In all but 13 states, there were springs with no recorded discharge, although states with the highest mean discharges had few to none of these springs (Figure 2).
[image: Figure 1]FIGURE 1 | Average number of springs (A), average discharge (B), and average variability in discharge (C), as measured by standard error, for US states. Data for all measurements were square root transformed.
[image: Figure 2]FIGURE 2 | Size frequency distributions of springs ranging from not flowing to over 100 cfs in the 42 of 50 US states for which there were discharge data in the NWIS database. The states were somewhat arbitrarily divided by region: the upper west (A), southwest (B), midwest (C), northeast (D), south (E), and Alaska and Hawaii (F).
The quality of the spring discharge data generally was poor. Many thousands of springs had only been sampled once and often that sample was collected prior to 2000. However, most states had at least one spring that had been sampled more recently (Supplementary Table S1). The average window of time between the last spring sample and the present was 40–50 years ago for 24 of the 40 states that had data. Generally, the states with the highest mean discharge had the highest quality data (p = 6.2 × 10−16, Figure 3A), although there was no relationship between data integrity and maximum discharge for a state (p = .57, Figure 3B). Furthermore, for all but five states, the average period of time over which discharge data were recorded was less than 10 years (Supplementary Table S1). Only fifteen states had one or more springs that met the requirement for time series analysis: 1) At least 10 years of data, 2) Over a span of at least 20 years, and 3) with data collected in the 2000s. Only four of these states had more than a handful of these springs.
[image: Figure 3]FIGURE 3 | The relationship between the index of data integrity and the size of a state’s springs, as measured by average discharge (A) and the maximum discharge for the state (B). The index of data integrity was calculated as a function of the number of years since each spring was last sampled, the number of years that it was sampled, and the number of times that it was sampled within that time span. Grey shading represents the standard error.
Among the 126 springs for which time series were analyzed, maintenance of discharge was highly variable and half (63) of springs exhibited no significant trends in discharge over time (Table 1; Supplementary Table S3). For the springs that did exhibit a change in discharge, 49 springs exhibited decreases and 14 springs exhibited increases in discharge. However, the patterns in discharge trend varied by state and Florida and Idaho possessed the most complete time series. For Florida, 44% of the 50 springs analyzed exhibited trends and all but one of these trends were negative. For Idaho, all but one of the springs analyzed exhibited a decline in discharge over time (Table 1). Only five springs in Nevada and seven springs in Texas exhibited trends in discharge, and they were split between positive and negative trends. In Texas, the springs that exhibited negative trends were in western Texas counties that also had been described as drying in the 1970s (r = -.80, p = .001, Figure 4). The two springs that occurred in counties with few drying springs in the 1970s are located in central Texas and showed no change (Hueco Springs) or an increase in discharge (Barton Springs) in the current time series.
TABLE 1 | Numbers of springs that were analyzed in each state, including the number of springs that showed significant increasing and decreasing trends.
[image: Table 1][image: Figure 4]FIGURE 4 | Trends in spring discharge for Texas. The map depicts trends in springs in Texas counties described by Brune (1980). He evaluated springs in roughly half of the counties in Texas and described the status of these springs in the 1970s. The counties that he described are color coded for the proportion of springs in the county that he described as drying, ranging from white (no springs in the county drying) to dark purple (all springs in the county drying). Grey counties were not described in Brune (1980). The graphs surrounding the map represent USGS NWIS time series for springs in a subset of the counties described by Brune (1980).
Endemic spring species were represented in the literature for 28 of the 50 states (Figure 5A). This literature search produced 453 individual species, ranging from salamanders to flatworms. The largest number of endemic species were mentioned in the literature describing Texas and Nevada springs. However, there were references to endemic species for states throughout much of the country, with the exception of the upper Midwest and the extreme Northeast. This pattern mimicked the distribution of springs; the number of endemic species was roughly correlated with the number of springs in a state (p = .0018, Figure 5B).
[image: Figure 5]FIGURE 5 | The distribution of species endemic to springs in the US (A), as represented in the literature, and the relationship between the number of endemic species and the average spring size for a state (B). The numbers range from 0 species to over 80 endemic species within a state.
DISCUSSION
Springs are omnipresent in the US. Forty of the fifty states contained spring discharge data in the NWIS database. Even for the states with no springs recorded in NWIS, it is more than likely that, in reality, they contain springs that simply have not been sampled by USGS. Many of the US springs are small and many were not flowing at the time of sampling. However, even among the larger springs, many have not been sampled regularly or recently. Spring discharge data for Florida should have been among the best quality in the dataset as they included data from other sources collected during a previous study (Florida Water Management Districts and state parks, Work 2020), but the average date of last sample for Florida springs was 29 years ago, and many Florida spring datasets were spotty. As a result, conclusions about the integrity of these springs (i.e., whether they still flow and flow near historic levels) are difficult to make. What conclusions can be made?.
Spring number
Spring presence provides more information about real spring distribution patterns than does spring absence, given the uncertainty about sampling effort in different states. It is likely that there was a skew in sampling effort toward areas that have large basalt and limestone springs, like Idaho, Florida, Missouri, and Texas (Florea and Vacher, 2006). Despite the potential for uneven sampling, the NWIS database provides evidence that springs are very abundant in the west; there are thousands of small, and some quite large, springs scattered across many western states (Montana, Wyoming, Idaho, Nevada, Utah, Colorado, Arizona, and Texas). The high density of springs in the west is consistent with high densities estimated for the southwest by Stevens and Meretsky (2008); Junghans et al. (2016). The lower numbers of springs for New Mexico may be the result of lower sampling effort; given the large numbers of springs in the states surrounding New Mexico, it seems likely that this state also contains abundant springs and that its spring number is an undercount. Although most of the springs in these states are small, much of the west is quite arid and it is likely that these springs are very important ecologically (Shepard, 1993; Kodrick-Brown and Brown, 2007; Stevens and Meretsky, 2008; Davis et al., 2017; Cartwright et al., 2020). In some cases, and at some times, these springs may be the only surface water available to freshwater and terrestrial organisms (Shepard, 1993; Kodrick-Brown and Brown, 2007; Stevens and Meretsky, 2008; Davis et al., 2017; Cartwright et al., 2020).
Spring discharge
Among the thousands of springs in the NWIS database, most were small and discharged no more than .25 m3 s−1. The southeastern states had the largest mean spring discharges, although this large mean was due to greater proportions of large springs, or perhaps a skew in sampling effort to large springs, rather than possession of only large springs. It is highly likely that large springs were overrepresented in the database due to visibility, ease of sampling, or research priority. Still, many of the largest springs were in the southeast; Arkansas, Florida, and Missouri all possessed at least one spring with a discharge over 10 m3 s−1. Florida contained 9 such springs and while Missouri only contained 2, 67% of its springs discharged more than 1 m3 s−1. However, Idaho and Montanaalso possessed at least one of these very substantial springs and Oregon, Texas, and Utah possessed springs that discharged more than 5 m3 s−1. Therefore, although the dataset for Florida may contain the largest number of large springs and Florida undoubtedly has uniquely rich spring resources, large springs occur in many states of the US.
This variable distribution of springs is due to geologic variability across such a large country. The underlying geology of a region determines the magnitude and variability of spring discharge, with the effects of anthropogenic land and water use overlaid. Florea and Vacher (2006) studied the hydrographs of the basalt springs of Idaho and the large karstic limestone springs in Florida, Missouri, Kentucky, and Texas. These large springs in the five states studied differed in the variability of their discharge due to the permeability of the recharge area matrix, whether the rock that produced the aquifer had been recently deposited and exposed (eogenetic) or exposed after long ago burial (telogenetic), but all produced large discharges due to the conduit-forming nature of basalt and limestone. Of course, limestone and basalt are just two types of rock, highly variable in and of themselves, and the US is comprised of a variety of geologic formations with aquifers that vary in depth and permeability (Miller 1999). The regions with permeable limestone or basalt aquifers produced the largest springs in the US, but these areas contained more springs than just these large discharge systems. As a result, a large and permeable aquifer, such as one in a karst landscape, may be necessary to produce large springs, but that aquifer may produce a diversity of spring sizes (Stevens et al., 2020) and these springs may respond to changes in water availability differently (Weissinger et al., 2016; Cartwright and Johnson, 2018).
The factors that produce instability in spring discharge are likely similar among springs across a variety of landscapes. Drought certainly can affect discharge of springs, perhaps most significantly for aquifers that are tightly coupled to surface processes, such as highly fractured karst and volcanic aquifers (Smith and Hunt, 2010; Mancewicz et al., 2021). Climate change, which could produce drought-like conditions in many regions, could reduce spring discharges in already arid areas that may need springs most, leading to calls for conservation planning (Cartwright et al., 2020). Reductions in spring discharges during drought periods already have been observed in some areas of the world (Fiorillo and Guadagno, 2012; Jia et al., 2017). However, groundwater abstraction and loss of surface permeability in recharge zones can affect springs potentially anywhere. Cantonati et al. (2020) suggest that aquifer overdraft has already caused the loss of springs in landscapes all over the world. They, too, call for conservation planning to ward off these losses.
Temporal trends in spring discharge could only be evaluated for 1% of the springs in the dataset due to lack of time-series data; however, for those springs that could be analyzed, discharge time-series patterns may be linked to geology and land and water use. West Texas spring discharge decline, for example, was attributed to groundwater abstraction over 40 years ago (Brune, 1980) and the trends continue today. South-central Texas springs, which emerge from a different aquifer and have been managed more intensively for discharge maintenance (Smith and Hunt, 2010), have maintained discharge at closer to historic levels. The discharges of most of the largest Florida springs (and many of the smaller springs) have declined in the recent decades (Knight and Clarke, 2014; Work 2020), particularly in areas of intensive agriculture and rapid population growth. Idaho springs also exhibited declines in discharge, but they present a special case of spring discharge decline. The Snake River springs, which erupt from the cliffs above the river or from canyons that lead into the river, occur at the southern end of the Snake River Plain and receive water from lateral flow through this plain. Historic flood irrigation of the Snake River Plain until the early 1950s increased groundwater availability and movement to the springs. Subsequent shifts to irrigation with groundwater reduced aquifer storage and later movement of aquifer water to the springs, resulting in reductions in spring flows (Kjelstrom, 1995; Zuidema et al., 2020). In contrast, the telogenetic springs of Missouri respond quickly to rainfall (Florea and Vacher, 2006) and have maintained their discharge. As a result of this complex interplay of geology, aquifer structure and conductivity, rainfall, and land and water use, more data would clearly help predict where problems are likely to occur.
Biodiversity
US springs contain a rich diversity of endemic species. Many endemic species occur in arid springs, as has been highlighted for decades (Shepard, 1993; Kodric-Brown and Brown, 2007; Hershler et al., 2014). In arid areas, connections between systems may be few and far between, resulting in less migration and more endemism in springs (Thomas et al., 1998; Seidel et al., 2009; Murphy et al., 2015). The literature on springs in the southwest included more endemic vertebrates than the literature from other regions; in the eastern US, vertebrates may be able to move between systems more readily in these wetter, more connected landscapes, leading to lower vertebrate endemism. However, the relative isolation of western springs not only affects vertebrates; the species lists in the arid southwestern springs included hundreds of endemic invertebrates: Hydrobiid snails, amphipods, isopods, flatworms, shrimp, etc. Given that many of the springs in the arid southwest are small, this endemic biodiversity, some of which may be as yet unidentified, may be particularly vulnerable to climate change and spring discharge declines. In the wetter eastern US, the endemic species were largely either cave specialists or tiny hydrobiid snails, which may be limited in their ability to move between springs even if they are connected in the landscape. The hydrobiid snails are so small (many <5 mm, Thompson 1985) that it may be difficult to move from spring to spring unaided, even within the same watershed. Many of the cave specialists also were small (e.g., amphipods and isopods), but they also may have been isolated for similar reasons as the animals in arid landscapes. Caves may occur disparately in the landscape and, for obligate cave dwellers, the streams or rivers that may connect caves may serve as barriers to dispersal. Whether the barriers are dry land or inhospitable connecting waterways, the end result appears to be similar: a large number of endemic species, and probably much higher than we realize, inhabit areas with a lot of springs.
Undoubtedly, this literature search missed publications that mentioned endemic species. However, it is likely that the patterns of endemic species’ distribution would be maintained with further searching. It seems very likely that there are many undiscovered species, some of which may occur in undiscovered springs, but it is also likely that there are species that have been missed in springs represented in the USGS database. Many of the species that occur in springs either are small (e.g., hydrobiid snails or amphipods) or difficult to sample (e.g., cave dwelling species). Some of these species require considerable skill and experience to identify or, alternately to establish as a new species (e.g., hydrobiid snails or amphipods, Seidel et al., 2009). As a result, a huge number of the endemic species have been identified by relatively few people, highlighting the persistent challenge in characterizing the US spring biodiversity.
Better records would produce better outcomes for spring protection
It is difficult to protect what is not understood well. Clearly, the national data on spring and other GDE discharges are incomplete, as has been suggested by other authors (Howard and Merrifield, 2010; Junghans et al., 2016), and many of the NWIS data are very old. It is highly likely that the data gaps are both spatial and temporal. If Florida data collection is comparable to the situation in other states, discharge data exist in a variety of institutions for springs and times not included in the NWIS database. A quick internet search of “Springs of…” (fill in state name) suggests that, at the very least, there are many springs that have not been recorded in the NWIS database and corresponding discharge data may or may not exist for these springs. Some organizations are collecting discharge data outside of government institutions; for example, the Springs Stewardship Institute in northern Arizona contains a database of spring physical, chemical, and biological data and the Florida Springs Institute has begun collecting citizen science data on a number of springs. However, storehouses like these are rare. As a result, most of the data are collected by USGS and stored in NWIS and so we have a spotty picture of spring number, size, and quality.
Springs are important freshwater systems in landscapes, providing consistent, high-quality water to freshwater and terrestrial ecosystems (Barquín and Scarsbrook, 2007), so coordinated information would help to protect what is still a relatively abundant resource. Many springs host endemic species, and even for those that do not, they provide temperature and chemical refuges relative to surface water in many landscapes (Barquín and Scarsbrook, 2007; Caldwell et al., 2020). Therefore, better protection for springs and other GDEs would help protect biodiversity. Spring biodiversity protection is critical now, as biodiversity is already being lost (Cantonati et al., 2020), and it is likely to become even more important in the future as the climate changes; the importance of some springs and GDEs are likely to increase as some arid areas become drier (Cartwright et al., 2020). Identifying springs and GDEs with the highest potential to serve as both the hydrologic oases that many now are, and the climate oases that they may be in the future, requires data on discharge stability, connectivity to other systems, and biodiversity (Cartwright et al., 2020). Finally, groundwater could become more important for humans as a resource in the future with climate change (Taylor et al., 2013). Many municipalities and farmlands rely on groundwater for drinking and irrigation water in the US and around the world (Alley, 2006; Cantonati et al., 2020), at times putting human use in direct competition with maintenance of the resource (Shepard, 1993; Kodrick-Brown and Brown, 2007; Howard and Merrifield, 2010; Davis et al., 2017). This competition may get more acute with climate change (Cantonati et al., 2020; Cartwright et al., 2020). Protecting springs and other GDEs could be considered a form of natural resource insurance. Therefore, I call for an evaluation of springs and other GDE resources comparable to what was done for wetlands in the 1980s. While the results of this evaluation and the resulting “No Net Loss” policy have not produced perfect protection for wetlands, I argue that the situation would be worse without the evaluation and policy changes. Without a similar national evaluation of springs, beyond what I was able to accomplish here, spring conservation will continue to be spotty and underfunded, up to the inspiration of the state.
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