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[bookmark: _Toc101515231]Executive Summary

The National Park Service (NPS) in the United States is tasked with preserving unimpaired the natural resources within their borders for this and future generations. This preservation aims to provide education, ecosystem conservation, and access to recreational activities in unique and noteworthy landscapes. As climate change alters the climatic and hydrologic conditions that park units evolved under, however, meeting this mission is becoming increasingly challenging for the NPS. Climate change is expected to – and in many cases already is – altering natural resources within National Parks in a variety of ways. To prepare management strategies for these changes, National Park managers need to understand both how climate and hydrology are expected to change within individual park units and what those changes mean in terms of the natural resources they’re tasked with preserving.  
One tool that has been used by NPS scientists to better understand the relationship between climate and natural resources (in terms of ecological patterns and dynamics) is a water balance model. The water balance is described by a pair of equations representing the energy and water inputs and outputs in a system. In short, one of these equations defines water availability in a system based on precipitation, snowmelt, runoff, and soil water. The other defines the system’s demand for water based on temperature, radiation, vapor pressure deficit (VPD), and biological demand. The equations are coupled by converting energy into units of water.  Water demand is summarized in terms of potential evapotranspiration (PET), which depends primarily on temperature and radiation. Over the course of a year, PET (demand) that can be met by available water (supply) results in actual evapotranspiration (AET); demand that cannot be met by available water accumulates as water deficit over the year.  
Previous work has shown that vegetation types tend to sort readily into characteristic domains in a space defined by AET and water deficit. Therefore, identifying values for these two parameters from the water balance can be used to estimate the vegetation type for a given region. It’s this method – a water balance approach – that the NPS has used to map trends in vegetation and other ecological parameters at various park units. Because the approach incorporates primary climate drivers (temperature, precipitation, etc.) as well as local site factors (topography, soils), it provides a useful framework in which to summarize current ecosystem distribution and to forecast future distributions under climate change.  
Building on prior work done by NPS ecologists, this study used historical climate data and known vegetation maps to identify the relationship between climate and vegetation. A case study was built for Yosemite and Sequoia-Kings Canyon National Parks with design considerations for ease of replication for additional park units. The climate-vegetation relationship for the case study parks identified the historic domain for each vegetation type within the case study region, or the range of AET and water deficit values within which the parks’ vegetation types have historically existed.  
Future climate projections, developed by the NPS using an RCP 8.5 climate scenario and ensembled over many climate models, were used to forecast the predicted AET and water deficit values for individual grid cells (800m resolution) in the study region. A series of plots was developed showing the historic domain of the most common vegetation types within each park along with change vectors indicating how the AET and water deficit values for each grid cell within a vegetation type are projected to change throughout two future time periods: 2040-2069 and 2070-2099, respectively. Additional vegetation types were added to the plots to show which vegetation types typically exist at the AET and water deficit levels the change vectors are entering.  
Results indicate Yosemite and Sequoia-Kings Canyon National Parks are expected to see both an increase in AET and water deficit in the coming decades. Increased deficits are evident during the most recent historical records (2000-2019), while AET is expected to increase more in the future under climate warming.  A substantial number of change vectors for grid cells in the study region showed departures from the historic domain of the vegetation types currently found at individual locations. Although these results are significant and alarming, it is not to suggest that vegetation currently in the parks will instantaneously become a different vegetation type. Changes in vegetation, if any, are likely to occur over the course of many decades and in response to other ecological disturbances such as fire.  
NPS experts, however, are in the best position to interpret these results in terms of impacts at their respective park units and future management strategies. While these results suggest significant changes in climate at the study parks, results are a product of both location and scale and will vary for other park units depending on the resolution of available data and local climate dynamics. Nonetheless, this study provides an analytic framework and general approach that can be easily replicated for other park units.
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[bookmark: _Toc101515232]Introduction

Natural resource management is a top priority for the National Park Service (NPS). At their core, the NPS was established to “preserve unimpaired the natural and cultural resources and values of the national park system…” (About Us, 2021). As global climate patterns change, however, natural resources are likely to be affected in a variety of ways. The potential impacts of climate change therefore pose a real and, in some cases, immediate threat to the mission of the National Park Service. As climate change persists, preparing for and managing natural resources – and continuing the mission of the NPS – will require an understanding of how ecosystems are expected to respond to changing climate variables. 
Due to the impact of water availability, use, and demand on other ecological variables, water balance models can be used as a tool for understanding the relationship between climate and natural resources.  
Prior studies by the National Park Service have used a water balance approach to relate ecological variables such as fire, stream flow, vegetation production, and species distribution to historic climate data in Sequoia, Big Bend, and Great Sand Dunes National Parks. A 2021 study by Tercek et al. used a gridded water balance model to evaluate trends and spatial patterns in actual evapotranspiration (AET) and climate water deficit data from 1980-2019. The study evaluated climate patterns both across the U.S. and at finer scales in Sequoia National Park and discussed results in terms of vegetation patterns (Tercek et al., 2021).  
Similarly, Thoma et al. used a water balance model to predict water needs for maintaining vegetation production, non-forest vegetation types, fire ignitions, and other ecological variables in Great Sand Dunes National Park and Preserve (Thoma et al., 2020). Both the Tercek and Thoma studies used historic climate data to build water balance models and were then able to explore the relationship between climate and other ecological variables. In another recent study, however, Lawrence et al. used future climate scenarios to explore predicted relationships between ecological variables and climate conditions (Lawrence et al., 2021). Research focused on evaluating the best approach for generating climate future scenarios (CF), highlighting a CF in Big Bend National Park. The results of the case study enabled park managers to prepare a strategy robust enough to prepare for multiple climate scenarios.  
Our Master’s Project built on past work by Tercek, Thoma, Lawrence, and teams by using a water balance model constructed from historic climate data to determine regional relationships between hydrologic variables (AET and deficit) and vegetation distribution. From there, CF projections were used to estimate changes in AET and deficit under future climate scenarios. The projected hydrologic conditions were then used to predict how the distribution of vegetation may shift in National Parks in response to climate change. Whereas the initial model was built using data for Yosemite, Sequoia, and Kings Canyon National Parks, the final model is intended to be easily repurposed with other, regional datasets for applications across NPS units. Model results will provide insight on climate impacts to natural resources within NPS units across a range of climate projections, enabling scenario planning and strategy development by NPS decision makers.
[bookmark: _Toc101515233]The Water Balance

A water balance model considers the influence of hydrologic and climatic parameters on plant growth and vegetation distribution. The model, explored in detail by Dr. Nathan Stephenson (1990), recognizes the role of both energy and water supply in dictating which vegetation types can survive in a given region. Stephenson’s findings show looking at just energy (e.g., temperature, PET, or radiation) and water supply (e.g., precipitation) or a ratio of the two is inadequate for describing vegetation distribution on a landscape (Stephenson, 1990). Such an approach assumes energy and water independent, however, these variables’ effects on plants are quite interdependent. Energy without an available water supply results in heat stress rather than growth. Likewise, available water without energy is inaccessible to plants. A water balance approach provides a mechanism for relating the interactive effects of water and energy to vegetation distribution (Stephenson, 1990).  
Simplistically, a water balance is described as the interaction between supply and demand for water by a given vegetation type (Stephenson, 1998).  The primary variables in a water balance include potential evapotranspiration (PET), available water, actual evapotranspiration (AET), deficit, and surplus although additional components of the model are represented in Figure 1. 
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Figure 1: Variables and components included in a water balance model. “Demand” terms are on the left side, while “supply” terms are on the right. 
PET can be described as the amount of water that would be transpired given the energy available (depending on heat and radiation) if there were an unlimited supply of water. AET is a measure of both biologically usable energy and biologically available water. Given the amount of energy in the system and the amount of available water, it is a measure of how much water is actually transpired. Both AET and PET vary for different vegetation types depending on the water requirements of individual species, yet only AET is representative of the combined role of water and energy in the system. 
Available water, or water supply, reflects precipitation, meltwater, and soil type and is representative of the available liquid water in the soil for use by plants (Stephenson, 1990). Deficit is defined by the evaporative demand of a plant not met by available water, or the difference between PET and AET. Conversely, surplus measures excess water not used by plants that leaves a site, or the difference between available water and AET. Stephenson (1990) found AET and deficit are more directly related to the ability of plants to survive under a given set of climatic conditions. Whereas AET represents availability of energy and water and thus a plant’s ability to grow, deficit represents heat stress and an inability to meet metabolic needs.  
All plant species, and more broadly vegetation types, have distinct ranges of AET and deficit in which they can survive and grow. Thus, a water balance approach using AET and deficit as its primary identifiers can be used to classify sites by vegetation type more accurately than other classification methodologies using energy and water supply (Stephenson, 1990). Further, AET and deficit are found to be highly correlated with vegetation distribution across both continental and local scales (Stephenson, 1998). In our study, we mapped historic climate data (AET and water deficit) over vegetation type for our study area to identify the values associated with each vegetation type. From there, projected climate data (changes in AET and water deficit) for our study site can be interpreted by NPS staff in terms of how vegetation type may change across the landscape given the range of AET and water deficit each vegetation type needs to survive.
[bookmark: _Toc101515234]Study Area

Our methods and analysis were performed for a case study using Yosemite and Sequoia-Kings Canyon National Parks as the study area. All three parks are located in central California’s Sierra Nevada mountains and are within 100 miles of one another (Figure 2). Yosemite National Park, the northernmost park, was founded in 1890 and is comprised of 1,169 mi2 of conserved forest and mountains. Sequoia National Park, the southernmost park, was also founded in 1890 and conserves 1,351 mi2. Kings Canyon National Park, founded in 1940, is adjacent to Sequoia, sharing its northernmost border and conserving an additional 722 mi2. Although separate park units, Sequoia and Kings Canyon National Parks are managed as one unit and analyzed as the same in this study. Although our study explores the water balance and future climatic conditions at the study region parks, the model can be generalized for other parks.
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Figure 2: National Park units in the United States (excluding Alaska and Hawaii) with callout boxes identifying study regions (Yosemite, Kings Canyon, and Sequoia National Park).
[bookmark: _Toc101515235]Methods

[bookmark: _Toc101515236]Summary of Research Approach

A systematic approach was taken to complete the objectives of this project. Using the future climate data provided by the NPS, we first analyzed Yosemite and Sequoia National Parks. We then mapped vegetation cover types into a space defined by AET and water deficit, to create a modeling framework. The goal of this approach was to use the NPS climate data to help predict management issues and enable improved natural resource planning.  
[bookmark: _Toc101515237]Data Collection and Analysis

All data were collected prior to the start of this project (Table 1) and were accessed from publicly available sources. We used historical and predictive climate data collected and developed by the NPS in conjunction with geospatial data we procured from online sources such as the US Geologic Survey (USGS). Additional information on data used is included in the appendix.
Table 1: Summary of Data Types and Sources
	Data Type 
	Data Source 
	Description 

	National Park Boundaries 
	NPS Data Store 
	Raster data outlining all National Park boundaries in the U.S. 
https://irma.nps.gov/DataStore/  

	Hydrologic Variables 
	NPS Gridded Water Balance Model Data 
	Raster data (800m resolution) provided by the NPS as decadal averages for AET, deficit, snow water equivalent, runoff, and other hydrologic variables in. Includes historic data (1980-1999, 2000-2019) and projected data (2040-2069, 2070-2099). 

	Vegetation Type 
	FVEG 
	Raster data (270m resolution) on vegetation type (55 vegetation categories) for the state of California. 
https://frap.fire.ca.gov/mapping/gis-data/  

	Elevation 
	elevatr DEM 
	Digital elevation model package for R developed by Jeffrey Hollister. 
https://cran.r-project.org/web/packages/elevatr/elevatr.pdf  



A vegetation landcover dataset from FVEG was used in conjunction with the water balance data (Figure 2). These data are of high thematic resolution (55 vegetation types) and are of high spatial resolution (270m resolution), which was resampled to the scale of our analysis. For our analysis, we used only vegetation data from the state of California. Additionally, we included a digital elevation model for our study area (Figure 3).
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Figure 2: Vegetation type mapped for Yosemite, Kings Canyon, and Sequoia National Parks.
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Figure 3: Digital elevation model for Yosemite, Kings Canyon, and Sequoia National Parks.
Historical and RCP 8.5 scenario climate data for the model was collected, processed, and provided by the NPS (Appendix A). AET (Figure A.5), water deficit (Figure A.6), runoff (Figure A.7), and snow water equivalent (Figure A.8) are the water balance variables within this dataset that we had access to. These data are on a national scale. 
To begin the analysis, we first projected all the data in Lambert Conformal Conic and then created a singular, rectangular area of study (mask) around Yosemite, Sequoia, and Kings Canyon National Parks within ArcGIS (ArcGIS Pro, ESRI, Redlands, CA). With a study area mask created, we then clipped all the historical and predictive climate data from the NPS to the study area. We took this step in order to focus the data on the National Parks we wanted to use as a reference and to build the model around. Without clipping the dataset, the data would be too large to process. We subsequently clipped the vegetation and elevation data to the study area as well. With all the data clipped, we converted any shapefiles into raster datasets. Once all the data were in raster format, we exported the files from ArcGIS as geoTIFFs and brought them into R for the next step of the analysis.
For the next stage of the analysis, we used the raster datasets in R (RStudio Team 2022) to create plots of AET by water deficit first using the historic climate data (periods 1980-1999 and 2000-2019). The top five vegetation types were identified for both Yosemite and Sequoia-Kings Canyon National Parks and the plotted AET/water deficit points (representing individual grid cells, i.e., locations within the parks) were colored according to their representative vegetation type. The change in AET and water deficit for each grid cell was then estimated using the projected climate data from the ensemble RCP 8.5 model. The new (projected) values for AET and water deficit at each grid cell were estimated for each future time period (2040-2069 and 2070-2099) and added to the plot as change vectors. The change vectors are directed line segments that indicate the positions of each sample (grid cell) for the four time periods. Additional vegetation types were added to the plots to indicate the historic vegetation types existing at the AET and water deficit values to which the change vectors are entering. This process was done separately for each of the top five vegetation types within each park unit, creating a total of ten plots. 
The number of change vectors plotted for each vegetation type was reduced to ensure the plots remained visually interpretable. However, the change for each grid cell for each vegetation type was calculated and summarized as a percent of grid cells for which the change in AET and water deficit is shifting outside of that site’s historic domain (historic vegetation type), as a tally of sites that departed from the 95th percentile value of the historic range. 
All GIS analyses were done in ArcGIS Pro 2.9 using the ModelBuilder tools. All mapping of vegetation distributions in climate space (AET vs water deficit) was conducted in R version 2021.09.0 build 351 (R Core Team). The ModelBuilder and R scripts are available from the authors on request.
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There are 1,875 grid cells within Yosemite National Park. Sierran mixed conifer was the predominant vegetation type with 682 grid cells followed by subalpine conifer, Jeffrey pine, red fir, and lodgepole pine (Table 2). The top five vegetation types in Sequoia-Kings Canyon National Parks vary slightly with subalpine conifer as the dominant vegetation type (259 grid cells) followed by Sierran mixed conifer, montane hardwood, red fir, and lodgepole pine (Table 3). 
Table 2: Summary statistics for Yosemite National Park
	Summary Statistics 
	Sierran Mixed Conifer 
	Subalpine Conifer 
	Jeffrey Pine 
	Red Fir 
	Lodgepole Pine 

	N (%)
	36.4
	30.0
	12.2
	11.0
	10.1

	mean Elevation 
	2075.41 
	2891.12 
	2098.91 
	2407.54 
	2761.32 

	sd Elevation 
	394.07 
	217.81 
	269.44 
	186.21 
	248.90 

	mean AET (1980-99) 
	206.70 
	142.76 
	186.99 
	174.63 
	153.84 

	sd AET (1980-99) 
	52.31 
	15.34 
	36.12 
	37.77 
	18.32 

	mean Def (1980-99) 
	318.42 
	170.72 
	322.65 
	293.14 
	180.13 

	sd Def (1980-99) 
	66.07 
	48.03 
	54.36 
	51.14 
	54.86 

	mean AET (2000-19) 
	205.03 
	143.48 
	185.74 
	174.24 
	153.60 

	sd AET (2000-19) 
	49.67 
	14.89 
	32.53 
	33.25 
	17.69 

	mean Def (2000-19) 
	367.04 
	230.02 
	374.51 
	343.78 
	237.79 

	sd Def (2000-19) 
	62.55 
	46.98 
	52.58 
	48.39 
	52.07 

	mean AET (2040-69) 
	258.81 
	194.73 
	240.01 
	227.54 
	204.98 

	sd AET (2040-69) 
	52.58 
	16.16 
	36.19 
	35.96 
	19.38 

	mean Def (2040-69) 
	421.58 
	269.18 
	429.16 
	397.16 
	276.28 

	sd Def (2040-69) 
	65.74 
	53.74 
	57.67 
	48.79 
	59.33 

	mean AET (2070-99) 
	293.67 
	239.72 
	276.06 
	264.98 
	248.09 

	sd AET (2070-99) 
	49.37 
	16.89 
	34.42 
	34.75 
	18.86 

	mean Def (2070-99) 
	474.36 
	311.72 
	481.83 
	448.75 
	319.45 

	sd Def (2070-99) 
	69.02 
	57.88 
	60.04 
	51.35 
	64.00 

	p95 AET (2000-19) 
	286.49 
	166.08 
	238.22 
	230.73 
	193.76 

	p95 Def (2000-2019) 
	470.06 
	307.97 
	468.02 
	425.25 
	344.24 


 




Table 3: Summary Statistics for Sequoia-Kings Canyon National Parks
	Summary Statistics 
	Subalpine Conifer 
	Sierran Mixed Conifer 
	Montane Hardwood 
	Red Fir 
	Lodgepole Pine 

	N (%)
	30.7
	27.2
	18.5
	15.2
	8.4

	mean Elevation 
	3143.10 
	2077.21 
	1420.24 
	2669.14 
	3016.35 

	sd Elevation 
	218.73 
	291.41 
	364.14 
	159.87 
	235.69 

	mean AET (1980-99) 
	103.11 
	231.37 
	330.70 
	162.69 
	106.49 

	sd AET (1980-99) 
	28.76 
	67.93 
	75.60 
	48.76 
	25.02 

	mean Def (1980-99) 
	207.97 
	265.02 
	346.56 
	244.82 
	209.35 

	sd Def (1980-99) 
	54.61 
	71.51 
	101.73 
	56.19 
	58.27 

	mean AET (2000-19) 
	102.19 
	229.38 
	325.06 
	163.38 
	106.77 

	sd AET (2000-19) 
	30.01 
	67.28 
	74.16 
	48.65 
	26.74 

	mean Def (2000-19) 
	255.05 
	312.17 
	389.83 
	291.08 
	256.48 

	sd Def (2000-19) 
	54.57 
	71.09 
	102.40 
	54.78 
	57.96 

	mean AET (2040-69) 
	131.50 
	289.80 
	386.29 
	204.17 
	137.79 

	sd AET (2040-69) 
	34.90 
	71.79 
	75.47 
	47.70 
	31.33 

	mean Def (2040-69) 
	316.40 
	372.07 
	451.17 
	338.30 
	312.41 

	sd Def (2040-69) 
	52.49 
	72.15 
	106.01 
	54.94 
	61.15 

	mean AET (2070-99) 
	153.71 
	321.81 
	411.39 
	234.25 
	162.22 

	sd AET (2070-99) 
	37.57 
	71.26 
	73.90 
	49.38 
	32.79 

	mean Def (2070-99) 
	376.18 
	428.69 
	512.76 
	395.52 
	370.89 

	sd Def (2070-99) 
	55.21 
	75.16 
	110.36 
	59.05 
	65.69 

	p95 AET (2000-19) 
	154.65 
	346.06 
	423.00 
	260.73 
	157.55 

	p95 Def (2000-2019) 
	362.38 
	445.50 
	566.03 
	376.13 
	343.30 



Historic AET (mm) by water deficit (mm) were plotted for all three parks on one graph (Figure 4) to establish historic background data for the study area. (The historic data are colored in Figure 4 to differentiate between the two time periods, however, future plots show historic data in grey with select vegetation types colored to identify their historic domains.) A large cluster of points exist between 100mm to 300mm AET by 150mm to 700mm deficit, and between 150mm to 400mm AET by 600mm to 900mm deficit. There are very few points in the range of 150mm to 250mm AET by 450mm to 750mm deficit. Based on AET and deficit, the two historical periods do not appear to be significantly different. 
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Figure 4: Historic AET and climate water deficit data for entire study region including Yosemite, Sequoia, and Kings Canyon National Parks for the time periods 1980-1999.
With AET and deficit plotted, the predominant vegetation types were then colorized by grid cell AET and water deficit values. The top vegetation types across the entire study region are shown in Figure 5, identifying the historic domains of each vegetation type across the entire clipped (mask) region. This process was then repeated for grid cells solely within the two study regions (Yosemite and Sequoia-Kings Canyon National Parks) for the parks’ top five vegetation types as described in the methods above.
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Figure 5: Dominant historic (1980-1999) vegetation types across Yosemite, Sequoia, and Kings Canyon National Parks.
	Final results of this study are shown in Figure 6 for Yosemite and Figure 7 for Sequoia-Kings Canyon National Parks. With the 1980-1999 historic data, the historic domain for the top vegetation types was established as clusters of like-colored points. Grey points identify remaining background data not called out as its specific vegetation type to avoid overpopulating the graphs. Arrows represent change vectors for individual grid cells and are populated individually for each of the top five vegetation types. The first part of the arrow depicts changes in AET and water deficit from 2040 to 2069 and then the final leg represents changes from 2070 to 2099. Vectors represent average change across the ensemble time period and thus the sharp dog leg does not reflect an immediate change from 2069-2070, rather a change in the averages between the two projected periods. Arrow endpoints represent the final AET and water deficit value estimated for the change vector’s origin grid cell at the end of the 2070 to 2099 period. The identified vegetation types at arrow endpoints can be used to speculate as to the vegetation types that may be able to survive at the origin grid cell’s location under an RCP 8.5 future climate scenario.
[image: Chart, polygon

Description automatically generated]
Figure 6: Projected change in AET and climate water deficit at locations within YNP for historic (1980-1999) vegetation types of sierran mixed conifer, subalpine conifer, Jeffrey pine, red fir, and lodgepole pine.
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Figure 7: Projected change in AET and climate water deficit at locations within SNP-KNP for historic (1980-1999) vegetation types of subalpine conifer, sierran mixed conifer, red fir, montane hardwood, and lodgepole pine.

 
Figures 6 and 7 show an increase in both AET and water deficit for each studied vegetation type. Whereas strong changes occur in water deficit under early future projections, large changes occur in AET in the second future time period. Further, a significant number of change vectors are exiting the domain of their grid cell’s historic vegetation type and entering the domain of a different vegetation type. These observations are summarized in Tables 4 and 5 as a percentage of grid cells. In some cases, such as in Yosemite National Park, 100 percent of grid cells at which subalpine conifer historically exist will have AET values outside of the historic domain for subalpine conifer. Although changes in AET and water deficit are greater at Yosemite than Sequoia-Kings Canyon National Parks, several of the top vegetation types at Sequoia-Kings Canyon National Parks are expected to see greater than 50 percent of grid cells shift beyond their historic AET or water deficit domain by 2099. 
Table 4: Yosemite National Park percentage of grid cells outside historic domain by 2099.
	Model Parameter
	Sierran Mixed Conifer
	Subalpine Conifer
	Jeffrey Pine
	Red Fir
	Lodgepole Pine

	AET (2040-69)
	33%
	98%
	48%
	45%
	75%

	AET (2070-99)
	51%
	100%
	87%
	82%
	100%

	Def (2040-69)
	22%
	20%
	23%
	29%
	14%

	Def (2070-99)
	54%
	44%
	57%
	67%
	25%



Table 5: Sequoia/Kings Canyon National Parks percentage of grid cells outside historic domain by 2099.
	Model Parameter
	Subalpine Conifer
	Sierran Mixed Conifer
	Montane Hardwood
	Red Fir
	Lodgepole Pine

	AET (2040-69)
	22%
	19%
	40%
	11%
	25%

	AET (2070-99)
	46%
	39%
	54%
	34%
	58%

	Def (2040-69)
	16%
	16%
	11%
	29%
	31%

	Def (2070-99)
	56%
	38%
	28%
	59%
	56%



[bookmark: _Toc101515239]Discussion

The increase in AET and deficit across all study sites suggest vegetation in Yosemite and Sequoia-Kings Canyon National Parks will both become more productive (AET) and face increased water and heat stress (water deficit). These changes are quite large, relative to the historical range of variability for the common vegetation types. While the parks are likely to experience changes in vegetation type distribution in accordance with the projected changes to the region’s water balance, our client has encouraged us to leave a more detailed interpretation of the results to National Park staff. NPS experts are in the best position to interpret what projected changes in AET and deficit mean in terms of changes to vegetation, as well as other climate-dependent ecological variables (e.g., fire), within their respective park units. Likewise, NPS staff best suited for determining what results mean in terms of natural resource management strategy.  
The purpose of this study was therefore to generate a model study using NPS historic and projected climate data. While our study explored data for Yosemite and Sequoia-Kings Canyon National Parks, it can be replicated by NPS staff and academics for any park unit. Note that, while the vegetation type data (see Table 1) used for the state of California has a very high resolution (270m), such high-resolution data is uncommon for other states. Future studies can alternatively use National Land Cover Data and a Digital Elevation Model to make assumptions about the vegetation types at different elevation bands and explore the relationship between water balance parameters and vegetation type. In addition, although the climate data used is at a higher resolution (800m) compared to most climate models, we acknowledge that there are other topographic and soil variables affecting vegetation distribution at much finer scales than the climate data used by this study (Urban et al. 2000). 
Results of this study are therefore a factor of scale – strongly dependent on the resolution of data available for the park unit under examination. They are likewise a factor of seasonality and location. The water balance model captures the nuances of AET and water deficit across the seasons. At Yosemite and Sequoia-Kings Canyon National Parks, the estimated increases in AET are due to early-season (spring) warming and water availability while the increase in water deficit is a result of late-season drying. In other Parks with different climates and less seasonal variation (no early pulse of available water), results are likely to look very different. This study should therefore be used as a model for replication for other Park units rather than a reference across the National Park system.
One factor not incorporated into this study yet worth acknowledging is probability. This study shares results derived from average values for climatic variables from a single climate model. It does not consider the probability of that future climate scenario nor the probability that vegetation will respond in a certain way to the projected AET and water deficit. Likewise, our study does not consider seasonal variation of water balance parameters, rather their decadal averages provided by the NPS data. Incorporating this additional considerations was beyond the scope of this project.  
Nonetheless, this study provides critical findings for the future management of National Park units in the United States. Our methodology shows that easily accessible, public information can be acquired for analysis alongside the NPS’s unique climate datasets to offer insights on future vegetation distributions across National Parks. In addition, this study can be executed to explore potential changes in other ecological variables (e.g., fire regime, species distributions, etc.). Climate change is a real and significant threat to National Parks and our study will be one of many needed for preparing NPS staff to manage park units under future climate scenarios.
[bookmark: _Toc101515240]Conclusion

	Climate change will have a dramatic impact upon many environmental variables, one of which being the water balance. AET, water deficit, as well as the other water balance variables will experience significant changes at both a local and global scale. As a result, the historic domain of vegetation types will be put under stress due to increases in AET and water deficit. Under future climate scenarios, the water balance for individual locations in Yosemite and Sequoia-Kings Canyon National Parks may shift toward that which supports the historic domain of a different vegetation type with a higher AET and water deficit range. These changes do not indicate an immediate or guaranteed change in vegetation type. Shifts in vegetation type, if any, will occur over many decades and in response to other environmental dynamics and stressors (e.g., fire patterns, which are also expected to change under future climate scenarios) not modeled in this study. This research aimed to show the significant changes to the water balance that climate change poses with implications for vegetation distribution in Yosemite and Sequoia-Kings Canyon National Parks. With this information, improved resource management practices can be established by NPS experts to prepare for these changes accordingly, such that park managers can continue upholding the NPS mission of preserving natural resources for this and future generations. 
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Figure 5: NPS national AET historical and ensemble data.
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Figure 6: NPS national water deficit historical and ensemble data.
[image: Map

Description automatically generated]
Figure 7: NPS national Water Runoff historical and ensemble data.
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Figure 8: NPS national Snow Water Equivalent historical and ensemble data.
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