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Jackson Lake supplies valuable cultural and provisioning ecosystem services to the Upper Snake River watershed in Wyoming and Idaho (western USA). Construction of Jackson Lake Dam in the early 20th century raised lake level by ∼12 m, generating an important water resource supporting agriculture and ranching, as well as tourism associated with Grand Teton National Park. Outlet engineering drastically altered Jackson Lake’s surface area, morphology, and relationship with the inflowing Snake River, yet the consequences for nutrient dynamics and algae in the lake are unknown. Here, we report the results of a retrospective environmental assessment completed for Jackson Lake using a paleolimnological approach. Paleoecological (diatoms) and geochemical datasets were developed on a well-dated sediment core and compared with available hydroclimate data from the region, to assess patterns of limnological change. The core spans the termination of the Little Ice Age and extends to the present day (∼1654–2019 CE). Diatom assemblages prior to dam installation are characterized by high relative abundances of plankton that thrive under low nutrient availability, most likely resulting from prolonged seasonal ice cover and perhaps a single, short episode of deep convective mixing. Following dam construction, diatom assemblages shifted to planktic species that favor more nutrient-rich waters. Elemental abundances of sedimentary nitrogen and phosphorous support the interpretation that dam installation resulted in a more mesotrophic state in Jackson Lake after ∼1916 CE. The data are consistent with enhanced nutrient loading associated with dam emplacement, which inundated deltaic wetlands and nearshore vegetation, and perhaps increased water residence times. The results of the study highlight the sensitivity of algal composition and productivity to changes in nutrient status that accompany outlet engineering of natural lakes by humans and have implications for water resource management.
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INTRODUCTION
Reservoirs provide substantial social, ecosystem and economic benefits, as dams transform rivers or lakes into regulated water resources (e.g., Postel and Carpenter, 1997; Graf, 2001; Lehner et al., 2011; Sawakuchi et al., 2015). Cost-benefit analyses frequently document tradeoffs associated with dam construction vis-à-vis natural regulating, provisioning, supporting, and cultural ecosystem services (e.g., WCD, 2000; Intralawan et al., 2018; Wild et al., 2019). For example, dams built on free-flowing rivers may lead to shifts in aquatic primary production, degrade biodiversity as habitats are lost, or affect fisheries, in addition to altering water and sediment budgets and generating hydropower (e.g., Graf, 2005; McCartney, 2009; Song et al., 2019). In the early 20th century, numerous dam projects were carried out in the western USA by the U.S. Bureau of Reclamation to support the water demands of expanding agricultural and ranching interests (e.g., Graf, 2001). Early dam projects, such as the Minidoka Project in the Upper Snake River watershed, converted several natural lakes into reservoirs through outlet engineering to provide power generation, flooding control and irrigation water (Stene, 1997). From 1906 to 1939, five major dams were completed: Minidoka, Jackson Lake, American Falls, Island Park, and Grassy Lake. Determining the ecological impacts of dam emplacement is a challenge for reservoirs that have existed for more than a century, as baseline limnological monitoring data are often absent or incomplete. In such cases, paleolimnological studies utilizing lake sediment cores open the opportunity for retrospective environmental assessments (sensu Smol, 2019). This study examines the ecological impacts of dam construction on Jackson Lake, one of the largest reservoirs in the Upper Snake River watershed of Wyoming, using fossil diatoms and geochemical signals preserved in lake sediments. Jackson Lake dam is a concrete gravity structure with an earthen dike that was completed in 1916. The resulting reservoir increased lake level by ∼12 m and lake surface area from 27.2 km2 to 40.5 km2, flooding marginal coastlines and wetlands (Figure 1). Dam installation on the southeastern corner of Jackson Lake made the reservoir capable of storing 1.04 × 109 m3 (847,000 acre-feet) of water, the largest in the region (Stene, 1997; Daugherty et al., 1999). In addition to water resources for farming and ranching, Jackson Lake provides numerous other valuable cultural ecosystem services today as a recreational focal point in Grand Teton National Park. Jackson Lake serves as important trout habitat, and angling, camping, and recreational boating are major seasonal tourist attractions (Wyoming Game and Fish Department Fish Stocking Reports, 2021). Grand Teton National Park attracted ∼3.3 million visitors in 2020, which resulted in ∼$754 million of revenue added to the local economy (Thomas and Koontz, 2021).
[image: Figure 1]FIGURE 1 | Jackson Lake is the largest of the piedmont lakes within Grand Teton National Park. The Snake River enters from the north forming the Snake River Delta. Anthropogenic features include the Jackson Lake Dam (JLD) and the weather station Moran 5 WNW, WY. The location of sediment core GTGC-J19-9B-1G-1 is denoted by the bullseye. (A) Landsat image of Jackson Lake taken 10/4/2021 at the end of the summer drought—this configuration is likely analogous to how the lake would have appeared prior to installation of the JLD. Blue dotted line represents the lake margin when the reservoir is at full capacity. (B) Sentinel image illustrating subaerial exposure of northern Jackson Lake during lowstand. Red arrows indicate pre-dam delta position. (C) Sentinel image displaying the emergence of the southeastern corner of Jackson Lake near the JLD.
Jackson Lake’s ecological responses to changes in climate and hydrology over the past several centuries are largely unknown. According to Hostetler et al. (2021), from 1950 to 2018 CE temperatures warmed in the Snake River headwaters by 1.1°F and in the Upper Snake River by 2.3°F. Snowpack volume and mean annual snow fall have both declined, and the initiation of snowmelt is projected to shift 1–2 months earlier in the future. The timing of snowmelt, more so than rainfall, is important for the recharge of rivers and lakes in Grand Teton National Park. It is projected that summers and winters will continue to warm in the Teton Range, with precipitation projected to increase by 7%–8% by the end of the century (Hostetler et al., 2021). Presently, average annual temperatures in the nearby city of Jackson Hole have warmed, but precipitation (as rain) has remained consistent from 1910 – present (NOAA, 2021a; NOAA, 2021b). Predictions of warmer summers, declines in winter snowpack, a shift to less winter snowfall, and increases in annual rainfall make sustainable management of Jackson Lake increasingly critical, and challenging.
Completion of Jackson Lake Dam expanded the lake’s surface area by ∼30%, which flooded the Snake River delta and marginal wetlands (Stene, 1997; Daugherty et al., 1999). Although water level at Jackson Lake has been monitored daily by the U.S. Bureau of Reclamation since dam completion, limnological datasets that span the pre- and post-dam interval are unavailable. Dam emplacement on other natural lakes has been shown to alter algal productivity, sediment fluxes, nutrient inventories, and water residence times, in addition to increasing lake-level elevations and altering discharge at the outlet (e.g., Baxter, 1977; Finger et al., 2006; Matzinger et al., 2007). Given Jackson Lake’s importance to the region, a retrospective environmental assessment was undertaken using a well-dated sediment core (GTGC-J19-9B-1G-1) to assess changes to algal communities and productivity in this ecosystem from ∼1654 to 2019 CE. Fossil diatom assemblages were used as indicators of nutrient status and water column mixing state. Diatoms are microscopic photosynthetic algae that produce siliceous ornamented cell walls (frustules) consisting of two valves separated by girdle bands (Battarbee et al., 2001a). Diatoms proliferate rapidly, often in direct response to changes in nutrient conditions, hydrochemistry, and lake levels, making their assemblages and abundances useful ecological indicators in many different types of inland waters (e.g., Battarbee et al., 2001b; Smol and Stoermer, 2010; Guerreiro et al., 2018; Kamulali et al., 2022). A companion paper (McGlue et al., 2023) describes the core’s age-depth model, lithostratigraphy, and geochemical data. Taken together, the datasets provide a new, high-resolution natural and anthropogenic history for Jackson Lake that has implications for ecosystem management and conservation.
STUDY SITE
Jackson Lake is the largest piedmont lake in Grand Teton National Park and is situated in the Jackson Hole sedimentary basin (Figure 1). The bedrock geology surrounding the lake ranges from Late Archean metamorphic to Late Quaternary sedimentary and volcanic rocks (Love et al., 1992; Smith et al., 1993). The Teton fault, a major N–S striking normal fault, produces the topography of the Teton Range and forms the western margin of Jackson Lake (Love and Reed, 1968; Byrd et al., 1994; Pierce and Haller, 2011; Zellman et al., 2019; Thigpen et al., 2021). Three major ice advances originating from the Greater Yellowstone Glacial System during the Late Pleistocene sculpted much of the topography present around Jackson Lake (Good and Pierce, 1996; Pierce et al., 2018). Jackson Lake is believed to have formed by the most recent Pleistocene glacial advance (Pierce et al., 2018). Various moraines and drumlins are found along the eastern and southern lake margins (Figure 1). U-shaped valleys are common among the peaks of the Teton Range, and many of these valleys are occupied by under-fit streams that drain into Jackson Lake from the west (Johnson et al., 2022).
Jackson Lake exhibits an elongated N–S axis with a maximum depth of ∼145 m. The deepest area of the lake is found along the western margin adjacent to the Teton Range with shallower depths common along the eastern margin (Figure 1). The lake’s outlet is located on the southeastern margin. Freshwater inflow to Jackson Lake is chiefly from the Snake River on its northern termination, with smaller lateral margin streams contributing from the escarpment and shoaling margins. Estimates for Snake River inflow from a gauge station ∼10 km north of Jackson Lake (USGS gauge station #13010065) indicate instantaneous stream flow between 5.4 and 195.4 m3/s. (1998–2002 CE; Clark et al., 2004). Measured nutrient concentrations from that gauge station showed ammonia ranging from <0.04 to 0.05 mg/L, nitrate from <0.05 to 0.12 mg/L and phosphorous from <0.06 to 0.41 mg/L (1998–2002 CE, Clark et al., 2004). Inflow rates and nutrient loads from the marginal streams are unknown; given minimal development in the region and the bedrock geology, nutrient levels are assumed to be like those in the Snake River. Nutrients could be contributed to the lake through hydrothermal springs, gas seeps, or regional groundwater flow but contributions from these sources have not been characterized (McGreevy and Gordon, 1964; U.S. Geological Survey, 1978).
Jackson Lake is not well-studied from a limnological perspective, though early geodetic maps of western Wyoming confirm that it has been hydrologically open since at least the mid-19th century. Wurtsbaugh (2014) demonstrated that a late summer thermocline exists in Jackson Lake at 12–15 m below the lake surface and the photic zone extended down to 13 m. Daily water level measurements were recorded by the U.S. Bureau of Reclamation from 1910 to 2022 CE, producing a high-resolution lake-level curve since dam emplacement (Figure 2). Lake-level oscillations can be correlated to fluctuations in the regional semi-arid climate (Curtis and Grimes, 2004). The Teton Range intercepts moisture carried by westerly storms; mean annual precipitation and temperature near Jackson Lake are 152 mm and 10°C, respectively (NOAA, 2021a; NOAA, 2021b). Palmer Drought Severity Index (PDSI) calculations suggest that major droughts occurred in the mid-1930s (Dust Bowl), 1950–1960s, the mid-late 1980s, and the early 2000s (Figure 2). Major droughts resulted in lower reservoir levels, which usually align with low regional PDSI (NOAA, 2021b) (Figure 2). Evaporation, reduced runoff, and downstream water needs influence reservoir levels during droughts. Jackson Lake Dam’s gated spillway allows operators to modulate outflow or cut it off completely, sequestering nutrients and increasing water residence times (U.S. Bureau of Reclamation, 1928). During droughts, such as in 2021, the spillway gates were opened, allowing additional reservoir drawdown to supplement water resources downstream (Figure 1).
[image: Figure 2]FIGURE 2 | Jackson Lake water levels compared against several different hydrologic variables (1910-2022 CE). (A) Palmer Drought Severity Index obtained from the National Integrated Drought Information System (www.drought.gov). Pale-yellow bars, major drought intervals. (B) Monthly average water levels of Jackson Lake. Running average shown in dark blue line. Data was acquired from the U.S. Bureau of Reclamation (https://www.usbr.gov/pn/hydromet/arcread.html). (C) Annual Snake River flow near Heise, Idaho. Observed (dark blue) and predicted from tree-rings (light blue) are plotted for the period of interest (data modified from Wise, 2010). (D) Average annual temperatures (black line) with a long-term trend shown in red (NOAA, 2021a). (E) Monthly average precipitation (NOAA, 2021b).
METHODS
Diatom Processing and Microscopy
Age constraints for the diatom sample intervals were determined by the chronological model for core GTGC-J19-9B-1G-1 (hereafter, core 9B) discussed in McGlue et al. (2023) (Figure 3). Core 9B was subsampled for diatoms every 1 cm (n = 57) lengthwise. Individual samples were oxidized with 35% H2O2 and digested at room temperature for 3 weeks to remove organic matter (OM) (Bracht et al., 2008). Following digestion, samples were rinsed with deionized water and placed into individual polyethylene flasks, to which a known concentration of microspheres were added (Battarbee and Kneen, 1982). An aliquot from each flask was placed on a coverslip, dried, and mounted on a glass slide using Naphrax. Examination of diatoms was completed using a Nikon Eclipse LV100N POL light microscope under ×100 magnification. Following the procedure outlined in Battarbee and Kneen (1982), 300 valves were counted per slide. Taxa identification was aided by a scanning electron microscope (SEM) and reference collections at Indiana State University and the Diatoms of North America (DoNA) (Diatoms of North America, 2021) Taxon Identification Guide (Spaulding et al., 2010). Stephanodiscus parvus and Stephanodiscus minutulus identification followed the DoNA taxonomic guide. For SEM analysis, diatom extracts were evaporated onto 10 mm aluminum specimen mounts and attached to stubs using carbon tape. Sample stubs were coated with gold using a Denton Desk V coater (Denton Vacuum, LLC) and imaged using a TESCAN Vega 3 (Tescan USA, Inc.) at 10 kV following the procedure outlined in Stone et al. (2020). Valves per Gram was calculated based on the method of Battarbee and Kneen (1982). A threshold value of 5% of the total assemblage was used to establish the major diatom species in the core; 14 species met this threshold. Species that did not meet the 5% threshold were not evaluated. Relative abundances of the major diatom species were determined, and a constrained incremental sum-of-squares cluster analysis (CONISS) was completed using Tilia version 2.6.1 software (Figure 4).
[image: Figure 3]FIGURE 3 | High resolution photo, X-radiograph (dense = dark), interpreted lithostratigraphy and Bacon age depth model (14C, 137Cs, 210Pbxs) for core 9B (from McGlue et al., 2023). Grey bar, turbidite excised from the Bacon age model. See text for details.
[image: Figure 4]FIGURE 4 | (A) Relative abundances of major diatom genera above a 5% threshold of total population. Vertical divisions are constrained by incremental sum-of-squares clustering (CONISS). Diatom Zone 1 (D1; yellow). Transition Zone (TZ; green). Diatom Zone 2 (D2; blue). (B) Lindavia to Stephanodiscus index and Jackson Lake water level data. Positive values indicate prevalence of Lindavia (green), representing relatively nutrient deficient conditions. Negative values represent prevalence of Stephanodiscus (violet), indicating relative nutrient abundance. See text for details.
Lindavia:Stephanodiscus Index (L:S)
By contrasting the relative abundances of Lindavia to Stephanodiscus throughout the core, we inferred changes in lake nutrient status over time. Species belonging to the genus Stephanodiscus are typically associated with eutrophic lakes high in total P (Reavie et al., 1995). Streib et al. (2021) showed that S. minitulus are typically found in water bodies with elevated nutrient concentrations such as in mesotrophic or eutrophic alkaline lakes. In contrast, diatoms belonging to the genus Lindavia are associated with oligotrophic or nutrient-limited aquatic systems but can be found in environments ranging from ultraoligotrophic to eutrophic, with sandy or gravelly substrates (Houk, 2010; Saros and Anderson, 2015; Streib et al., 2021). The Lindavia and Stephanodiscus index (L:S) was calculated according to Streib et al. (2021). Positive index values represent dominance of Lindavia, and high values of L:S are interpreted to reflect lower nutrient status, associated with limited nutrient flux or a stratified water column that limits nutrient cycling into the epilimnion. Negative index values represent dominance of Stephanodiscus and are interpreted to reflect greater nutrient availability in the epilimnion, perhaps linked to more abundant nutrient flux or extensive internal mixing (Figure 4).
X-Ray Fluorescence (XRF) and Sediment Geochemistry
XRF scanning was completed using a Cox Analytical Systems ITRAX XRF core scanner located at the University of Minnesota-Duluth. The core surface was cleaned and scanned using a 15 s dwell time to produce high resolution elemental abundance data for a suite of common elements (P, Si, Ti); data are reported as counts per second (cps). Silicon is a principal element composing diatom frustules, and normalizing Si to Ti provides an indicator of biogenic silica (opal) in lake sediments (e.g., Kylander et al., 2011). Total nitrogen measurements were made using a Thermo Finnigan DELTAplus XP elemental analyzer at the University of Kentucky and are discussed in McGlue et al. (2023).
RESULTS
Diatoms
Diatoms are abundant throughout the core (Figure 4) and are characterized by good valve preservation; evidence of dissolution or fragmentation is absent or rare. Planktic species dominate the record (Supplementary Figure S1). The following species comprise ≥5% of the diatom assemblage: Asterionella formosa, Aulacoseira nivaloides, Aulacoseira subarctica, Stephanocyclus meneghinianus, Diatoma tenuis, Fragilaria crotonensis, Lindavia intermedia, Lindavia ocellata, Pseudostaurosira parasitica, Staurosirella leptostauron var. dubia, Stephanodiscus medius, Stephanodiscus niagarae, Stephanodiscus parvus and Stephanodiscus minutulus. Similarities in occurrences between S. parvus and S. minutulus led to the interpretation of a single complex, hereafter referred to as S. parvus-minutulus. The CONISS analysis (Figure 4) indicates two main clusters separated by a transitional group. Diatom zone 1 (hereafter, D1) occurs from 57 to 36 cm (1654–1888 CE) (Figure 4). The transition zone (hereafter, TZ) occurs from 36 to 25 cm (1888–1958 CE) (Figure 4). Diatom zone 2 (hereafter, D2) extends from 25 cm to the top of the core (1958–2019 CE) (Figure 4).
Diatom Zone 1—1654–1888 CE
Diatom zone 1 exhibits consistent abundances (∼20%, Figure 4) of L. ocellata moving towards the upper zonal boundary, with varied assemblages of S. parvus-minutulus, A. formosa, A. nivaloides, A. subarctica and F. crotonensis. The most representative Lindavia species, L. ocellata, maintains a consistent relative abundance of ∼20%, with rare peaks of 25%–30%, with two larger peaks at 1658 and 1697 CE (Figure 4). Contrasting with Lindavia, abundances of the S. parvus-minutulus complex exhibit a more variable pattern throughout D1, averaging ∼10% with rare peaks up to ∼25% (Figure 4). The largest peak abundance (∼45%) of S. parvus-minutulus occurs at 36 cm (1888 CE) at the boundary with the TZ (Figure 4). The L:S ratio shows variable but dominantly positive values in D1 (Figure 4), with transient negative peaks where Stephanodiscus abundances increase. Asterionella formosa occurs infrequently throughout D1 (Figure 4), with abundances rarely exceeding 6%–7%. Increases in A. formosa generally occur with declines in F. crotonensis (Figure 4). Aulacoseira nivaloides and A. subarctica assemblages occur coevally, with the former generally more abundant. The largest peaks of A. nivaloides occur at 46 cm (1773 CE) and 41 cm (1830 CE), while the largest peaks for A. subarctica occur at 40 cm (1842 CE) (Figure 4). Fragilaria crotonensis is commonly present under ∼10%, with three peaks reaching 15% at 57 cm (1658 CE), 51 cm (1716 CE) and 39 cm (1853 CE) (Figure 4). Diatom concentrations show a variable but increasing trend throughout D1 (Figure 5). Geochemical data are reported for Si:Ti, TN and P (Figure 5). The Si:Ti chemostratigraphy exhibits a variable negative trend throughout D1 with values ranging from ∼0.18 to 0.29 (Figure 5). Total nitrogen concentrations show no clear trend in D1 with mean values ∼0.2 wt. % (Figure 5). High variability in P is evident in D1, with no discernable trends.
[image: Figure 5]FIGURE 5 | Equilibrium state 1 of Jackson Lake occurred during 1685–1888 CE and is characterized by positive L:S values, with transient negative peaks. The Little Ice Age (LIA) is present in equilibrium state 1 from 1685 to its end in 1850 CE. Diatom Zone 2 (D2) occurs during equilibrium state 1. From 1888 to 1958 CE, Jackson Lake was in a state of transition. L:S values during this period are consistently negative but vary in intensity. During this time dam installation was completed (1906–1916 CE) and the Dust Bowl occurred (1930–1939 CE). Equilibrium state 2 occurred between 1958 and 2019 CE where L:S stabilizes at strongly negative values. Diatom Zone 1 (D1) occurs within equilibrium state 2. Valves per gram and Si:Ti data suggest that overall lake productivity has not changed dramatically over the period of record. Nitrogen and phosphorous increase in the Transition Zone and into D1 interpreted to be an effect of dam installation. See text for details.
Transition Zone—1888–1958 CE
The TZ is defined by an abrupt shift to a stairstep pattern in the CONISS between 36 and 31 cm (1888 and 1958 CE), which spans the period when Jackson Lake Dam was installed (1906–1916 CE; Figure 4). A shift in the abundances of Lindavia and Stephanodiscus occurs in the TZ (Figure 4). In general, L. ocellata declines in TZ with its last occurrence at 25 cm (1958 CE) (Figure 4). In contrast, the S. parvus-minutulus complex increases in abundance during the TZ, averaging ∼30% of the total assemblage with highest peaks reaching ∼50%. The only occurrence of S. niagarae above 5% occurs in the middle of the TZ, corresponding to a large peak in P (Figures 4, 5). Diatom concentrations show a slight increasing trend throughout the TZ (Figure 5). The L:S ratio shows an abrupt shift from positive to negative values at the onset of TZ (Figure 4). The shift to negative L:S values remain consistent throughout the interval. Ratios of Si:Ti are highly variable over the TZ with no observable trend (Figure 5). Total nitrogen concentrations exhibit a variable positive trend ranging from ∼0.2 to ∼0.3 wt. % (Figure 5). Phosphorous concentrations show a highly variable positive trend throughout the TZ. The largest peak in P occurs between 1938 and 1943 CE (Figure 5).
Diatom Zone 2 1958–2019 CE
Diatom Zone 2 is characterized by Stephanodiscus-dominated plankton (Figure 4). Lindavia intermedia first appears >5% in 1980 and persists until 2007 CE (Figure 4). Stephanodiscus parvus-minutulus complex increases in abundance across D2, reaching 50%–60% from 1958 to 1971 CE and 1987–2019 CE (Figure 4). Abundances of A. formosa are variable between 1888 and 1978 CE with less variability between 1983 and 2007 CE. Fragilaria crotonensis is observed from 1978 to 2002 CE with abundances of ∼5–25% but is largely absent elsewhere in D2. Diatom concentrations maintain a positive trend throughout D2 (Figure 5). The L:S ratio is consistently negative in D2 (Figure 4). From 1946 to 1958 CE, L:S is variable, like the TZ. After 1958 CE, L:S largely maintains a value of −1. The Si:Ti shows a weakly positive trend in D2 (Figure 5). Total nitrogen values range from ∼0.1 to 0.4 wt. %. Phosphorus counts remain highly variable with higher overall values than D1.
DISCUSSION
Overview
In aquatic ecosystems such as Jackson Lake, the absence of long monitoring records requires paleolimnological archives be used for retrospective environmental assessment and establishing baselines for change detection (Smol, 2019). Diatom-rich lake sediments have proven valuable for evaluating both short and long-term natural and anthropogenic changes to ecosystem structure and function worldwide (e.g., Dixit et al., 1993; Flower et al., 2001; Haberle et al., 2006; Woodbridge et al., 2014; Chen et al., 2015; Maslennikova et al., 2016; Smol, 2019; Halac et al., 2020; Streib et al., 2021). Such information provides valuable context for lake managers seeking to preserve ecosystem services as hydroclimatic conditions change (Paterson et al., 2020). When considering Jackson Lake and dam construction, knowledge of the impacts to primary productivity and algal assemblages are critical; phytoplankton form the base of the aquatic food web and are responsible for transferring energy to higher trophic levels. Further, algal production impacts water clarity and chemistry, important variables for lakes that provide cultural services (Goldman, 1988; Berman et al., 1995; Wang et al., 2016; Jia et al., 2019).
For Jackson Lake, Stephanodiscus and Lindavia are valuable for understanding limnological changes associated with hydroclimate and dam installation, especially considering the deep-water location of core 9B. In addition, A. formosa and F. crotonensis provide insights on TN concentrations, with F. crotonensis favoring higher Si:N ratios than A. formosa (Saros et al., 2011; Slemmons et al., 2017). Heavily silicified diatoms like A. subarctica favor higher Si:P conditions (Kilham et al., 1996). At higher P concentrations, populations disappear rapidly, due to competition from centric diatoms with higher nutrient thresholds (Anderson et al., 1997; Gibson et al., 2003). In addition, abundances of Aulacoseira spp. can indicate periods of vertical mixing and more turbid waters (Reynolds et al., 2002; Garzon and Saros, 2022). Likewise, F. crotonensis abundances can be interpreted to indicate well-mixed water columns or turbid conditions (Bailey-Watts, 1986).
Diatom Zone 1—1654–1888 CE
The diatoms of D1 reveal that nutrient deficient conditions were common in Jackson Lake prior to dam installation, and that regional climate during the Little Ice Age (LIA) may have played an important role in lake function during this period. The pervasiveness of L. ocellata throughout D1 indicates that Jackson Lake had low concentrations of N and P, indicating oligotrophic conditions over most of this period (Winder et al., 2008; Saros and Anderson, 2015; Streib et al., 2021). Low nutrient concentrations limited blooms of diatoms dependent on higher nutrient thresholds, even during transient periods of mixing. Supporting this interpretation is the L:S ratio, which shows dominantly positive values throughout D1. Similarly, the chemostratigraphic data show low values and high variability of P in D1. We interpret this signal as consistent with the nutrient limitations that favored Lindavia over Stephanodiscus (Streib et al., 2021). The relative abundances of Aulacoseira and F. crotonensis within D1 suggests that Si was periodically abundant, perhaps associated with occasional turbulent mixing (Bailey-Watts, 1986; Bormans and Webster, 1999; Reynolds et al., 2002; Garzon and Saros, 2022; Diatoms of North America). Increases in F. crotonensis often coincide with declines in A. formosa in D1 (Figure 4). The higher relative Si/P is favorable for F. crotonensis. Both A. formosa and F. crotonensis have similar nutrient demands, with A. formosa being the better competitor in N-limited systems (Saros et al., 2005). Intervals characterized by relatively abundant A. formosa are interpreted to reflect N-limitations in Jackson Lake, while periods of more abundant N and Si favor F. crotonensis (Bennion et al., 2011).
Diatom Zone 1 encompasses the end of the LIA, which had profound effects on the regional climate. Tree-ring evidence collected from the Greater Yellowstone Ecosystem (GYE) shows that the climate of the middle to late LIA (1600–1850 CE) was marked by long cold winters and short cool summers (Rochner et al., 2021). Lake stratification appears to have been influenced by these conditions. Jacobs and Whitlock (2008) used paleo-vegetation data to suggest that the LIA was considerably wetter than earlier periods in the GYE. Two departures from the trend of cold wet winters are suggested by our data, first at ∼1710 CE and again at 1726 CE. During those years, increases in Stephanodiscus (lower L:S) are interpreted to indicate greater availability of nutrients in Jackson Lake, likely driven by more complete spring mixing. A similar interpretation for Crevice Lake (Montana, USA) was made by Whitlock et al. (2008) using multi-proxy lake records. From 1700 to 1800 CE, Crevice Lake was interpreted to have more complete spring turnover, which was attributed to milder winters and warmer summers (Whitlock et al., 2008).
Transition Zone—1888–1958 CE
Prior to start of the TZ, data suggests oligotrophic conditions with planktic assemblages dominated by Lindavia. At onset of the TZ, L:S ratios shifted to negative values, indicating greater nutrient availability in the photic zone that spurred a change in diatom composition. This assemblage change occurred rapidly, over about a decade, as indicated by the hierarchical change in the CONISS (Figure 4). Rapid successions in diatom assemblages and abundance changes have occurred in other aquatic systems modified by dams, for example at Lake Ford (Michigan, USA) and on the Liuxihe Reservoir in southern China (Donar et al., 1996; Liu et al., 2012). In the case of Jackson Lake, the timeline of changes in the diatoms suggests that climate change at the end of the LIA drove succession in the mid-19th century (Whitlock et al., 2008; Brown et al., 2021), followed and amplified by the effects of dam installation thereafter. With warming following the LIA, spring water column turnover may have started earlier, driving nutrient cycling and leading to blooms of Stephanodiscus, the dominant diatoms throughout the TZ. This interpretation is supported by highly variable abundances of Aulacoseira, which was in decline as Stephanodiscus utilized available P. Similarly, TN and P both increase during the TZ (Figure 5). The Stephanodiscus parvus-minutulus complex saw the largest increase, with Stephanodiscus niagarae only reaching abundances >5% in one instance. Interestingly, abundant S. niagarae correlates with the largest peak in P in the core record (Figure 5). The effects of dam emplacement on nutrient supply and cycling dynamics in new reservoirs has been studied elsewhere, but data for Jackson Lake were unavailable prior to our study (e.g., Medeiros et al., 2011; Maavara et al., 2020; Yan et al., 2021). The Jackson Lake Dam’s flooding of supralittoral wetlands very likely resulted in a rapid introduction of nutrients into the reservoir, driving the decline of L. ocellata (Figure 4) (Baxter, 1977). A trend of increasing nutrient abundance crossing into the post-dam period is corroborated in the geochemical data (Figure 5).
Climatic conditions during the period encompassed by the TZ (1888–1958 CE) varied, with frequent droughts, higher than average temperatures, and variability in Snake River discharge (Figure 2). During the Dust Bowl (1930s CE), PDSI data show western Wyoming experienced several years of sustained drought (NOAA, 2021a; NOAA, 2021b). These conditions are reflected in reduced Snake River discharge (Wise, 2010). Installation of the Jackson Lake Dam and frequent droughts contributed to frequent variations in lake water level from 2,051 to 2,062 masl (Figure 2). The long-term effects of droughts on diatom populations in the pelagic environment were minimal. Diatoms can recover from droughts and establish mature communities in 2–4 weeks (Oemke and Burton, 1986; Calapez et al., 2014). The high temporal resolution of our diatom record allows us to examine the impacts of the 1930s droughts on Jackson Lake’s diatoms with minimal time averaging. In the TZ, Stephanodiscus remains as the dominate species despite the droughts, but this may relate to the deep-water offshore environment of our sediment record. This setting may have been minimally affected by small changes in water level in comparison to shallower, nearshore environments. We therefore interpret that the major factor controlling Stephanodiscus in the TZ was nutrient abundance and availability associated with dam installation, with secondary influences of climate.
Mean monthly water-levels after dam installation show frequent transgressions and regressions of 5–9 m (Figure 2). This coincides with increased variability in the negative L:S values (Figure 5). These trends of lake-level and L:S variability continue from establishment of the dam until 1958 CE. Stephanodiscus varied in abundance (25%–50%) between 1943 and 1958 CE (Figure 4). During this period, average monthly water levels were highly variable, ranging between 2,052 and 2,063 masl. The 5–9 m reductions in water level seem to correlate with declines in Stephanodiscus abundances and may be a contributing factor in their declines (Figures 2, 5). A possible explanation for the relationship is that lower water-levels coincide with reduced lake surface area, limiting the habitat available for planktic diatoms. Water level changes between 2,051 and 2,062 masl exposed and reflooded peripheral wetlands, which would have mobilized nutrients from the wetlands into the water column. This can partially explain increases in TN and P during this period (Figure 5). The L:S ratio from the end of the TZ through D2 is negative, showing a variable trend from 1943 to 1958 CE, but generally signifying relatively abundant nutrients compared to D1. Ultimately, establishment of the dam and the transition of Jackson Lake to a reservoir resulted in a departure from the nutrient status inferred for D1 into a transitional phase represented by TZ (Figure 5). Driving this departure is a combination of likely increased residence times and nutrient availability resulting from dam emplacement and warming temperatures, which are reflected in an increase in Stephanodiscus and a decline in Lindavia, as well as heavily silicified diatom species.
Diatom Zone 2 1958–2019 CE
Zone D2 is characterized by abundant Stephanodiscus and the absence of L. ocellata. Small Stephanodiscus species experienced their largest assemblage increases, reaching as high as 70% of the total (Figure 4). We interpret the dominance of Stephanodiscus in D2 to reflect an increase in nutrient availability, particularly an abundance of P in the photic zone (Reavie et al., 1995). The L:S ratio from 1958 to 2019 CE is very different from the trends observed in D1 and TZ. From 1958 to 2019 CE, the L:S ratio becomes strongly negative, departing from the maximum value of −1 in three instances. Abundant Stephanodiscus species and negative L:S values suggest a more mesotrophic lake state, an interpretation consistent with the relationship inferred for these diatoms and nutrient status in other aquatic systems (Bradbury, 1988; Kilham et al., 1996; Bracht et al., 2008).
The sharp decline in Stephanodiscus abundance at ∼1986 CE is interpreted to be linked to a reduction in TN and P concentrations and the sediment signal produced by a turbidite (McGlue et al., 2023) (Figure 5). The reduction in nutrient concentrations and decline in Stephanodiscus abundances correspond to an increase in Aulacoseira spp., Asterionella spp. and Fragilaria crotonensis, which were more efficient at competing for limited P (Figure 4). Major declines in Stephanodiscus during D2 coincide with declines in water level, suggesting a sensitivity to hydroclimate. The sharp declines in reservoir level may be a combined result of modulated reservoir outflow with increased evaporation during drought conditions.
Lindavia ocellata does not appear in abundances >5% in D2. The sharp decline in L. ocellata occurs in tandem with a sharp increase in Stephanodiscus spp. We interpret that this transition resulted from nutrient loading following dam installation, repeated transgressions from reservoir water level changes (as plants decayed and soil nutrients were mobilized), and more efficient internal cycling (mixing) at seasonal transitions (e.g., Reavie et al., 1995; Streib et al., 2021). The appearances of Lindavia intermedia in 1982, 1994, and 2007 CE as transient peaks generally correspond in time with declines in Stephanodiscus abundances. These periods are likely indicative of enhanced stratification (e.g., Bayer et al., 2016; Streib et al., 2021). Both 1982 and 1994 CE had above average annual mean temperatures, and 1982, 1994, and 2007 CE were also drought years, which supports the potential for enhanced stratification during these years. The L:S response during these periods remain negative, while XRF-derived P data was elevated (Figure 5).
Asterionella formosa has a consistent presence in D2 and is associated with increased abundance of N (Arnett et al., 2012). In comparison to the LIA, where F. crotonensis co-occurs with A. formosa, in D2 this species only occurs between ∼1977 and 2001 CE. The absences of F. crotonensis elsewhere in D2 indicates periods where N was the limiting nutrient (Arnett et al., 2012). Both A. formosa and F. crotonensis respond readily to increases in N (Michel et al., 2006). The abundances of A. formosa and F. crotonensis within the ∼1977 to 2001 CE period partially coincide with elevated values of N and Si (McGlue et al., 2023). Increases in A. formosa and F. crotonensis during this interval are attributed to increases in Si and N (Saros et al., 2005; Bennion et al., 2011). It is unlikely given the abundances of A. formosa and F. crotonensis that N was a limiting nutrient within the epilimnion during this period. Asterionella formosa and F. crotonensis largely replaced Aulacoseira and Lindavia during D2, showing a succession to species better able to compete under greater nutrient availability.
Geochemical data from core 9B show an overall increase in N and P concentrations moving towards the present, whereas Si and Ti show long-term declines; higher N and P concentrations appeared post dam emplacement and continued though the end of D2 (Figure 5). Diatom concentrations show an increase from D1 through D2, demonstrating that diatom productivity throughout the core record increased towards the present day. We interpret these data to indicate that trophic status shifted slightly towards a more mesotrophic state since dam completion and the corresponding transgression took place. The period after 1958 CE marks a new equilibrium state for Jackson Lake (Figure 5). The second equilibrium state of Jackson Lake is interpreted as being seasonally well-mixed, facilitating nutrient cycling, with more productive surface waters relative to D1. The new equilibrium diatom assemblage is characterized by large Stephanodiscus blooms replacing Aulacoseira following lake mixing, and replacement of Lindavia species with Asterionella and Fragilaria.
Rühland et al.’s (2008) evaluation of <200 non-acidified/non-enriched lakes in North America showed significant increases in abundances of planktic cyclotelloid species, with declines in heavily silicified Aulacoseira and Fragilaria taxa since the end of the LIA. This trend appears to be consistent with what is observed in our study following the end of the LIA ∼1850 CE (Figure 4). Both TZ and D2 show an increase in the relative abundances of small Stephanodiscus species and a decline in abundances of more heavily silicified species like Aulacoseira and Fragilaria (Figure 4). Similarly, Rühland et al. (2015) illustrated the success of smaller cyclotelloid species as anthropogenic climate warming began to change lake conditions (decrease in ice/snow cover, strength of thermal stratification, etc.).
CONCLUSION
This study has developed the first sediment core-based diatom record for Jackson Lake from 1654 to 2019 CE and provides a new baseline for interpreting environmental and anthropogenic changes to this aquatic ecosystem. The record shows that prior to the 19th century, Jackson Lake’s plankton were dominated by Lindavia. The diatoms responded to climate changes at the termination of the LIA by the mid-19th century, in evidence from greater abundances of Stephanodiscus from ∼1850 to 1907 CE, which likely tracked a longer ice-free period and improved internal nutrient cycling. This implies that natural climate changes impart a strong control on limnological processes and algal composition in Jackson Lake.
Construction of the Jackson Lake Dam resulted in substantial changes to the lake surface elevation, morphology, and discharge at the outlet. After dam emplacement, a transition in the diatom assemblage occurred rapidly, with Stephanodiscus replacing Lindavia as the dominate planktic species within a decade. This transition implies (1) an overall increase in nutrient concentrations and perhaps more efficient seasonal nutrient cycling and (2) a shift in trophic state from oligotrophic to more mesotrophic as primary productivity increased. Despite this transition, evidence for eutrophication is absent, suggesting management of the water body has not compromised environmental integrity. The outcomes of this study provide new perspective on the impacts of human water body engineering and climate change that will be valuable for conserving Jackson Lake’s ecosystem services in the future.
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