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[bookmark: _p7kyjvr8xv8d]Executive Summary
The Chesapeake Bay and its tributaries have been threatened by excessive nutrient and sediment pollution which in turn has led to eutrophication, anoxic conditions, and other water quality concerns. In order to reverse the impacts exacerbated by anthropogenic causes such as excessive use of fertilizers in the agricultural industry and the increase in impermeable surfaces via continued development, the US Environmental Protection Agency (EPA) set total maximum daily load (TMDL) standards. These standards were developed to set a limit on pollutants and ultimately restore clean water in the Bay. However, despite many policy attempts and the implementation of best management practices (BMPs), current measured loadings still exceed TMDL goals.
Land use has a large influence on determining loading quantities delivered to the Bay. For example, agricultural land produces high nitrogen and phosphorus loadings whilst developed land leads to increased sediment runoff. The conversion of land therefore plays a large role in determining how pollution loadings can vary in response to development trends. Thus, analyzing these trends are important to predict how certain land use transitions are impacting TMDLs and to understand how policy can create better restrictions on development to mitigate nutrient and sediment quantities delivered to the Bay.
Spatial analyses in ArcGIS Pro, data analytics in RStudio, and comparative analyses completed in this study helps to reveal land use and pollution trends from 2013 to 2018 in Anne Arundel county, Maryland and answers the following three objectives:

1. How have land use changes affected nutrient and sediment pollution loadings in the Chesapeake Bay, specifically Anne Arundel county, Maryland, from 2013 to 2018?
2. What factors limit the ability to accurately and precisely estimate changes in nutrient and sediment pollution loads with respect to land use change in the Chesapeake Bay?
3. How can we provide an increased understanding or visual representation of changes in nutrient and sediment pollution loading as a result of land use change in Anne Arundel county?

Results of the retrospective analysis on nutrient and sediment loadings in Anne Arundel county, Maryland reveal that total nitrogen, phosphorus, and sediment loadings decreased from 2013 to 2018. Over this time period, the Chesapeake Assessment Scenario Tool (CAST) estimates that total nitrogen loadings decreased by 1.97%, phosphorus loadings decreased by 3.02%, and sediment loadings decreased by 1.38%. The county experienced the largest decrease in phosphorus loadings which is likely explained by the recorded decrease in agricultural land area. Since many agricultural processes include excess application of fertilizers with high nitrogen and phosphorus content, a decrease in this land area would yield lower nutrient pollution loadings to the Chesapeake Bay. While total sediment loadings decreased from 2013 to 2018, this decrease was less significant than those reported in total nitrogen and total phosphorus. A decrease in natural land area and subsequent increase in developed land area could be responsible for these results, as more impermeable surfaces increase runoff and sedimentation which can then offset the benefits of reduced loadings from agricultural land conversion. However, the implementation of BMPs were not included in this analysis and could have also played a role in the observed decrease in nutrient and sediment loadings within the county. Our findings are presented as an interactive dashboard at the parcel-level across Anne Arundel county, with a focus on parcels that experienced less than -3.0% or more than +3.0% proportional land use change for any of the three land use sectors including natural, developed, and agriculture. This allowed us to concentrate our efforts on exploring the impact of land use conversion on nutrient and sediment pollution across the Bay.

[bookmark: _mi1nj9ob8up9]Introduction
[bookmark: _bqbr415v0g1d]Overview
The Chesapeake Bay watershed encompasses six states including Delaware, Maryland, New York, Pennsylvania, Virginia, and West Virginia as well as the District of Columbia (Figure 1.1). The watershed stretches over 64,000 square miles and is home to more than 18.5 million people (“What Is a Watershed?,” n.d.). While more people continue to move to the region, increased development has resulted in the conversion of forests and wetlands to urban 
Figure 1.1: Map of the Chesapeake Bay Watershed and HUC 4 boundaries in relation to the study area, Anne Arundel county, Maryland.
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landscapes such as parking lots, subdivisions, and roads. As a result, the Bay faces challenges regarding excess nutrient and sediment pollution which in turn threatens aquatic ecosystem health (“Nutrient Runoff,” n.d.).
Nitrogen and phosphorus loadings utilized in agriculture and other sectors are commonly brought to the Bay, primarily through runoff. Eutrophication is of greatest concern, with increased nutrient loads leading to excessive plant and algae growth which create anoxic conditions and in some cases, dead zones (“Nutrient Runoff,” n.d.). Excess sedimentation increases water turbidity, further interfering with photosynthetic processes of aquatic life. In an effort to restore and protect the Bay, the EPA enacted TMDLs in 2010 to set a limit on nitrogen, phosphorus, and sediment loads in the Bay. These values provide an estimate of the maximum amount of a particular pollutant that a body of water can receive and still meet specific water quality standards (EPA, 2023). If loads are kept under the set standard, natural processes are able to combat the encroachment of dead zones. However, as acknowledged by the EPA, current measured loadings surpass the 2025 TMDL targets (US EPA, 2023).
The Chesapeake Legal Alliance (CLA), a non-profit dedicated to providing free legal services to protect the Bay, has directed its efforts to deal with “new pollution,” outlined by the Chesapeake Bay Program (CBP) as changes in pollution loads due to population growth and associated land use change such as new development projects. Similarly, the CBP highlights the importance of “accounting for growth” in terms of accounting for changes in pollution loads due to population increase and associated land use change when addressing future health of the Bay.
The CLA is most interested in land use change from forests and wetlands to impervious surface, as this generates the greatest negative water quality impact. The transition from a low pollution load (forest or wetland) to a high pollution load (impervious) will create a high delta value, thus indicating a significant fluctuation in pollution levels. The CLA has expressed interest in providing an interactive visualization in order to capture the impact of land use conversion on nutrient and sediment pollution loads in Anne Arundel county specifically (Figure 1.2). Through the creation of this visual aid, the CLA hopes to bring attention to the impacts of past developmental changes on nutrient and sediment pollution loadings. The CLA explains the importance of developing this tool as a resource for potential users including CLA and their partners, concerned community members, researchers, as well as regulators and policymakers in 
Figure 1.2: Map of the study area, Anne Arundel county, and associated HUC 10 boundaries within the Chesapeake Bay Watershed.
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order to quantify the effect of increased pollution loads on downstream water quality from 2013 to 2018.
[bookmark: _z3vhyq2j6s6x]Literature Review
Several studies have focused on analyzing the impacts of development on nutrient and sediment loads in various watersheds, revealing that nutrient and sediment loading values are
highly dependent on the type of land cover experiencing change. Line and White aimed to better understand the effect of development on nearby runoff, sediment, and nutrient export and provided a means to quantify these effects, which will assist individuals to be more environmentally conscious in development interventions (2007). Even when BMPs are implemented, urbanization can negatively affect the ecological resiliency of a nearby body of water, so understanding these unfavorable effects prior to development is important (Line & White, 2007). Line and White identified two drainage areas in the Piedmont region of North Carolina to use for this study (2007). The developed site had gone through three major phases of development to reach its current state, and this drainage area did not have any additional stormwater controls implemented throughout those stages. The undeveloped site consisted primarily of forest and cropland, and the stream of interest had a wooded riparian buffer (Line & White, 2007). The developed site generated higher concentrations of total suspended solids, total phosphorus, and total nitrogen in comparison to the undeveloped site, with some visible fluctuations in values throughout the different phases of development (Line & White, 2007). Line and White calculated a 68% increase in runoff from the developed area in comparison to the undeveloped area, which is an important factor to consider when understanding how land use conversion will impact future pollution loads and transport (Line & White, 2007).
	Roberts et al. modeled potential scenarios for nutrient loadings of phosphorus and nitrogen in 2030 (2009). The USGS spatially referenced regressions on watershed attributes (SPARROW) model was used in order to account for the impacts of varying stream orders and other spatial components on nutrient loading. The model was applied to 2,339 of the catchments located within the Bay in order to study small catchment scale data and aggregate information to look at the watershed as a whole functioning system (Roberts et al., 2009). The study concluded that despite the increases in impervious surfaces through land developmental changes in 2030, the Chesapeake Bay watershed is estimated to have reductions in nitrogen and phosphorus loadings by 19% and 20%, respectively (Roberts et al., 2009). Reductions in nutrient loadings are attributed to the expected conversion of agricultural land to urban use, exemplifying that not all developmental shifts necessarily result in increased loadings (Roberts et al., 2009).
	There have also been various map-based and interactive visual tools created to aid basin-wide conservation efforts such as the Conservation Prioritization Tool for Source Water Protection and CAST. The Conservation Prioritization Tool for Source Water Protection was spearheaded by the Catawba Wateree Water Management Group (CWWMG) in response to a 2019 study that developed an applied framework to prioritize conservation areas within the Catawba-Wateree Basin based on projected hydrologic and water quality changes (CWWMG, n.d.). This map-based user tool was created to allow stakeholders to explore different water protection efforts by defining risk factors and selecting specific water quality metrics to focus on. They also created an ArcGIS StoryMap to accompany this tool, which serves as a guide for how to use this tool and includes information on modeled water quality as well as the decision-making process for prioritizing conservation areas.
Similarly, the CAST, developed by the CBP, is a web-based pollution load estimator tool designed for those protecting and restoring local water quality in the Chesapeake Bay (“About CAST,” n.d.). This tool streamlines the environmental planning process by allowing users to create and edit scenarios for reducing nitrogen, phosphorus, and sediment loads using various BMPs. There are multiple sources of additional information regarding this tool including a user guide, model documentation, and training videos to aid the user in interacting with this resource. Together, these visual aids supplement conservation efforts such as improved water quality and source water protection. They serve as an interactive resource for users including environmental professionals, concerned community members, and residents of their respective basins to get involved and engage with local water quality improvement efforts.
	The CLA is supporting efforts to account for the growth of pollution loads as a result of increased population and associated land use change in the Bay. Current published studies predict an increase in the conversion of agricultural to developed land until 2030. In order to explore recent developmental trends in Anne Arundel county and determine how they align with predicted trajectories, we answer the following three objectives.


[bookmark: _6ch2f1tswp3w]Objectives
1.  How have land use changes affected nutrient and sediment pollution loadings in the Chesapeake Bay, specifically Anne Arundel county, Maryland, from 2013 to 2018?
2. What factors limit the ability to accurately and precisely estimate changes in nutrient and sediment pollution loads with respect to land use change in the Chesapeake Bay?
3. How can we provide an increased understanding or visual representation of changes in nutrient and sediment pollution loading as a result of land use change in Anne Arundel county?

[bookmark: _ivqalsbw8s68]Materials and Methods
[bookmark: _ktybaowvq82h]Data Sources
To complete the retrospective analysis, we downloaded HUC 12 data and 1-meter resolution land use/land cover (LULC) datasets for 2013 and 2018 from the CBP’s Open Data Portal. County boundaries as well as parcel data were downloaded from Maryland’s Department of Planning. Nitrogen, phosphorus, and sediment loading rates were downloaded via the loads per unit report sourced from CAST for 2013 and 2018. These geospatial datasets were then brought into ArcGIS Pro to complete the analytical workflow.
[bookmark: _sfworvs7gf19]CAST Loading Rates
The Chesapeake Bay Program’s Chesapeake Assessment Scenario Tool, referred to as CAST, is a computer model that aims to estimate the amount of nitrogen, phosphorus, and sediment reaching the Chesapeake Bay. Version 2019 of this model produces average loads for nitrogen, phosphorus, and sediment which are determined by land use and are spatially and temporally averaged across the entire Chesapeake watershed from 1990 to 2014 (“About CAST,” n.d.). The loading rates are provided in pounds per acre per year with the assumption of no management practices, independent of local nutrient application rates, location within the watershed, and physical characteristics (“About CAST,” n.d.). These average loads were established using peer-reviewed literature and multiple water quality models specific to the Chesapeake Bay for five land use sectors including agriculture, developed, natural, septic, and wastewater (“About CAST,” n.d.). These values are estimated at the edge-of-stream (EOS) scale and thus represent the nutrient and sediment load delivered to streams or other water bodies.
We downloaded the loads per unit report from the CAST website at the HUC 10 scale for the state of Maryland and selected load source by sector for 2013 and 2018. This report provided us with nitrogen, phosphorus, and sediment loading rates in pounds per acre per year based on five land use sectors and HUC 10 location within the Bay for each year. The loads per unit report was then processed as needed in order to bring the data into ArcGIS Pro and complete the retrospective analysis. We began by isolating the three land use sectors of interest including agriculture, developed, and natural and identified the nine HUC 10’s within our study area of Anne Arundel county. Next, we linked the three land use sectors to their location in the Bay using their HUC 10 value. This was done by adding a 1, 2, or 3 to the end of the HUC 10 value to assign the appropriate land use sector as natural, developed, and agriculture, respectively. This was done for 2013 and 2018 loading values in separate tables.
[bookmark: _7acahqohgplk]Analytical Workflow
Analysis was completed in ArcGIS Pro and Jupyter Notebooks (see Appendix A for additional details).
In ArcGIS Pro, we isolated the 2013 and 2018 LULC and HUC 12 datasets to the bounds of Anne Arundel county. Since the CAST loading rates were downloaded at the HUC 10 scale, we dissolved HUC 12 boundaries to create a HUC 10 raster layer which included nine watersheds within the county. Next, we reclassified the 48 specific LULC classes into the three land use sectors presented by CAST including natural (1), developed (2), and agriculture (3) (Appendix A, Figure 1.1). The land use sector raster layers for 2013 and 2018 were then overlaid with the HUC 10 raster layer. In order to join those reclassified land use sectors to the pollution loading rates, we added their land use sector value (natural = 1, developed = 2, and agriculture = 3) to the end of each HUC 10 value. This created a common attribute, HUC 10 value + land use value, with the CAST pollution loading tables. Using this attribute, we joined the land use sector raster layer with the wrangled CAST pollution loading tables for 2013 and 2018.
Our next task involved calculating a weighted mean of land use sectors within each of the 199,946 parcels in Anne Arundel county for 2013 and 2018. We created binary rasters for each land use sector and calculated the zonal mean of each sector at the parcel level. This provided us with an estimation of the percentage of land use sectors per parcel, i.e. 75% natural, 15% developed, and 10% agriculture, for each year. We then joined both of these parcel layers to the HUC 10 raster layer in order to assign each parcel to a HUC 10. However, since the parcels do not exactly align with the HUC 10 boundaries, some parcels were listed twice in this table as they fell between two adjacent HUC 10 boundaries. In order to address this, we exported the table into Jupyter Notebooks to further wrangle the data.
Using Jupyter Notebooks to facilitate the coding process, we identified parcels that were listed twice in the table and then removed the occurrence with the lowest pixel count. This allowed us to assign those parcels to the HUC 10 it was predominantly in. Notes associated with this code are provided in Appendix A for reference. This processed dataset was then used for the remainder of our analysis in ArcGIS Pro.
We combined this processed table with the 2013 and 2018 land use sector raster which included the CAST pollution loading rates for nitrogen, phosphorus, and sediment. Next, we joined the columns of interest from the parcel raster layer including address, city, zip code, and acreage as well as the zonal mean values to this table. The tables for 2013 and 2018 included 199,946 parcels, each of which had nitrogen, phosphorus, and sediment loading rates, associated parcel information, and zonal mean of natural, developed, and agriculture land use sectors. However, we needed to pivot this table in order to assign the three pollution loadings associated with each land use sector. This allowed us to calculate total nitrogen, phosphorus, and sediment pollution loads per parcel using the following equations:

Total Nitrogen Load for Parcel x = (Natural Nitrogen Loading Rate * Natural Acreage) + (Developed Nitrogen Loading Rate * Developed Acreage) + (Agriculture Nitrogen Loading Rate * Agriculture Acreage)

Total Phosphorus Load for Parcel x = (Natural Phosphorus Loading Rate * Natural Acreage) + (Developed Phosphorus Loading Rate * Developed Acreage) + (Agriculture Phosphorus Loading Rate * Agriculture Acreage)

Total Sediment Load for Parcel x = (Natural Sediment Loading Rate * Natural Acreage) + (Developed Sediment Loading Rate * Developed Acreage) + (Agriculture Sediment Loading Rate * Agriculture Acreage)

These two final raster layers for 2013 and 2018 were then exported into Excel where we manually calculated the pollution loads for various parcels in order to validate our calculations. After validating the data, we imported the parcel data into RStudio to further analyze the results.
To categorize overall trends, land use percent change from 2013 to 2018 was calculated using total estimated acreage for each land use type and nitrogen, phosphorus, and sediment loading percent change from 2013 to 2018 was calculated using total estimated loads in pounds. We also calculated the percent change in land use and nitrogen, phosphorus, and sediment loadings for each parcel. At the parcel-level, the 2013 acreage for each land use type was divided by the total acreage of the parcel to yield the proportional values of each land use. The same was done for 2018 and the proportional differences between the two were calculated. These parcels were further filtered to identify parcels of interest for visualization purposes. In doing so, we selected parcels with less than -3.0% or more than +3.0% proportional land use change for any of the three land use sectors. This allowed us to focus on 18,279 parcels with high land use conversion and observe their respective changes in pollution loadings.
Lastly, the raster layers were converted into polygons in order to upload the data to ArcGIS Online and develop an interactive visualization using ArcGIS Dashboards. The dashboard displays the dominant land use change for those parcels of interest as well as a detailed streams layer to provide the user with a visual representation of the proximity of parcels to nearby water bodies. Three other layers were created to display differences in nitrogen, phosphorus, and sediment loading changes from 2013 to 2018. Several design components were configured within the dashboard to allow the user to select parcels by specifying a HUC 10 or zip code. A pie chart overlay showing land use proportions was paired with parcel selection so the user can select a parcel and compare the changes in the land use composition from 2013 to 2018. The raster layers were also exported as tables to complete various statistical analyses and summaries of the data in RStudio.

[bookmark: _5mbi29iipg0c]Results
[bookmark: _hqajzsdd72xn]Overall Trends in Land Use Conversion
Results of our land use conversion analysis estimate that Anne Arundel county encompasses approximately 241,846 acres of land. Our reclassification of the land use sectors to natural, developed, and agricultural land from 2013 to 2018 show that the county consists of approximately 75% natural land, 16% developed land, and 9% agricultural land. More specifically, the county consisted of 180,791 acres of natural land in 2013 which decreased to 179,436 acres in 2018. This can also be expressed as a 0.75% decrease in land classified as natural from 2013 to 2018. However, the amount of developed land in the county increased from 38,709 acres in 2013 to 40,385 acres in 2018. This translates to a 4.33% increase in land classified as developed from 2013 to 2018. Lastly, the county consisted of 22,346 acres of agricultural land in 2013 which decreased to 22,026 acres in 2018, denoting a 1.43% decrease in agricultural land from 2013 to 2018 (Table 1.1, Appendix B).

Table 1.1: Overall trends in land use conversion from 2013 to 2018 in Anne Arundel county, Maryland as a result of the retrospective analysis.
	Land Use Sector
	Total Estimated Acreage in 2013
	Total Estimated Acreage in 2018
	Percent Change

	Natural
	180,791
	179,436
	-0.75%

	Developed
	38,709
	40,385
	+4.33%

	Agriculture
	22,346
	22,026
	-1.43%



[bookmark: _vpqehex6b9w]Overall Trends in Nutrient and Sediment Pollution Loadings
Based on our retrospective analysis and pollution loading rates downloaded from CAST, in 2013, we estimate that Anne Arundel county delivered a total of 1,345,681 pounds of total nitrogen to the Bay. This load decreased to approximately 1,319,184 pounds in 2018 which translates to a 1.97% decrease in nitrogen loadings. Phosphorus loadings derived from CAST values were estimated to be 123,631 pounds in 2013 and decreased by 3.02% to 119,898 pounds in 2018. Sediment loadings in the county also experienced a load decrease. In 2013, our analysis predicted that the county contributed an estimated 300,925,911 pounds of sediment which decreased by 1.38% to 296,787,666 pounds in 2018 (Table 1.2, Appendix B).

Table 1.2: Overall trends in nutrient and sediment pollution loadings from 2013 to 2018 in Anne Arundel county, Maryland as a result of the retrospective analysis.
	Pollution Type
	Total Estimated Load in 2013 (lbs)
	Total Estimated Load in 2018 (lbs)
	Percent Change

	Nitrogen
	1,345,681
	1,319,184
	-1.97%

	Phosphorus
	123,631
	119,898
	-3.02%

	Sediment
	300,925,911
	296,787,666
	-1.38%



[bookmark: _kffdjso1p4kk]Trends in Land Use Conversion for Parcels of Interest
Results of our retrospective analysis found that nearly 91% of parcels within Anne Arundel county experienced a -3.0% to +3.0% change in the proportion of agricultural, natural, or developed land from 2013 to 2018. In order to highlight parcels of interest and further explore the impact of land use conversion on nutrient and sediment pollution loadings, we isolated approximately 9% of parcels within Anne Arundel county that experienced less than -3.0% or more than +3.0% land use change for any of the three land use sectors (Appendix B). This provided us with a total of 18,279 parcels for the parcel-level analysis of land use conversion and pollution loadings, as well as our interactive dashboard.
Within those parcels of interest, the percent change in the proportion of natural land use from 2013 to 2018 ranged from -100.0% to +100.0% with a mean of -27.8% and median of -7.4%. This indicates a decrease in the acreage of natural land use over those 5 years. The percent change in the proportion of developed land use similarly ranged from -100.0% to +100.0% from 2013 to 2018, however, there was an increase in developed acreage with a mean of +28.9% and median of +8.2%. Lastly, the percent change in the proportion of agricultural land use from 2013 to 2018 ranged from -100.0% to +84.6% with only a slight decrease in agriculture acreage, expressed as a mean of -1.1% and median of 0.0% (Table 2.1).

Table 2.1: Percent change in land use sectors by parcel within the 18,279 parcels of interest from 2013 to 2018 based on the retrospective analysis.
	Percent Change in Land Use Sector by Parcel
	Minimum
	Maximum
	Mean
	Median

	Natural
	-100.0%
	+100.0%
	-27.8%
	-7.4%

	Developed
	-100.0%
	+100.0%
	+28.9%
	+8.2%

	Agriculture
	-100.0%
	+84.6%
	-1.1%
	0.0%



The distribution of changes to natural, developed, and agricultural land uses by HUC 10 at the parcel-level are also depicted below in Figure 2.1, 2.2, and 2.3, respectively. In nearly all sub-watershed regions, there is an observed decrease in the natural land use acreage from 2013 to 2018. In contrast, there is an observed increase in the developed land use acreage in all sub-watershed regions over those 5 years, indicating a conversion of land use from natural to developed from 2013 to 2018 within those parcels of interest. Lastly, while there was not much change in agricultural land use acreage across most sub-watersheds, there was a clear decrease in HUC 206000605.














Figure 2.1: Distribution of the percent change in natural land use at the parcel-level by HUC 10 within the 18,279 parcels of interest from 2013 to 2018.
[image: ]
Figure 2.2: Distribution of the percent change in developed land use at the parcel-level by HUC 10 within the 18,279 parcels of interest from 2013 to 2018.
[image: ]
Figure 2.3: Distribution of the percent change in agricultural land use at the parcel-level by HUC 10 within the 18,279 parcels of interest from 2013 to 2018.
[image: ]
[bookmark: _fo4palwa0mi]Trends in Nutrient and Sediment Pollution Loadings for Parcels of Interest
When reviewing those parcels of interest that experienced less than -3.0% or more than +3.0% land use change for any of the three land use sectors, we can also categorize the resulting changes to nutrient and sediment pollution loadings. In doing so, the percent change in nitrogen loadings from 2013 to 2018 ranged from -83.5% to +319.4% with a mean of +61.9% and median of +10.0%. This maximum value of +319.4% is significant in that the nitrogen loadings more than tripled from 2013 to 2018 for some parcels. Overall, nitrogen loadings increased over those 5 years, as indicated by the positive mean and median percent change values. The percent change in phosphorus loadings ranged from -61.9% to +220.5% from 2013 to 2018 and there was an overall increase in loadings with a mean of +13.4% and median of +2.0%. Lastly, the percent change in sediment loadings from 2013 to 2018 ranged from -74.6% to +213.0% with a decrease in loadings, expressed as a mean of -15.1% and median of -7.0% (Table 2.2).

Table 2.2: Percent change in pollution type by parcel within the 18,279 parcels of interest from 2013 to 2018 based on the retrospective analysis.
	Percent Change in Pollution Type by Parcel
	Minimum
	Maximum
	Mean
	Median

	Nitrogen
	-83.5%
	+319.4%
	+61.9%
	+10.0%

	Phosphorus
	-61.9%
	+220.5%
	+13.4%
	+2.0%

	Sediment
	-74.6%
	+213.0%
	-15.1%
	-7.0%



The distribution of changes to nitrogen, phosphorus, and sediment loadings by HUC 10 at the parcel-level are also depicted below in Figure 3.1, 3.2, and 3.3, respectively. In nearly all sub-watershed regions, there is an observed increase in nitrogen and phosphorus loadings from 2013 to 2018. In contrast, there is an observed decrease in sediment loadings in all sub-watershed regions over those 5 years.

Figure 3.1: Distribution of the percent change in nitrogen loadings by parcel, separated by HUC 10, within the 18,279 parcels of interest from 2013 to 2018.
[image: ]
Figure 3.2: Distribution of the percent change in phosphorus loadings by parcel, separated by HUC 10, within the 18,279 parcels of interest from 2013 to 2018.
[image: ]
Figure 3.3: Distribution of the percent change in sediment loadings by parcel, separated by HUC 10, within the 18,279 parcels of interest from 2013 to 2018.
[image: ]
[bookmark: _waw492szban3]Interactive Dashboard
	The interactive dashboard highlights the parcels that experienced less than -3.0% or more than +3.0% land use change for at least one of the land use types. Details on the purpose of the dashboard and its functionality can be found in Appendix C.

[bookmark: _ro2q8ltjdczq]Discussion
[bookmark: _yz2svyrobohs]Overall Trends in Land Use Conversion
Based on our five-year retrospective analysis of Anne Arundel county, Maryland, we can conclude that there was a decrease in natural and agricultural land use and an increase in developed land use from 2013 to 2018. In terms of percent change across the county, we observed the largest percent decrease in agriculture land use (-1.43%) and largest percent increase in developed land use (+4.33%). The net loss of natural and agricultural land and subsequent gain in developed land coincides with a decrease in the nutrient and sediment loading values for this county throughout the period of analysis.
[bookmark: _79ww39p2gs47]Overall Trends in Nutrient and Sediment Pollution Loadings
Results of our retrospective analysis determined that nitrogen, phosphorus, and sediment loads decreased from 2013 to 2018 in Anne Arundel county. Total phosphorus loads decreased the most (-3.02%), with nitrogen (-1.97%) and sediment (-1.38%) loads not too far behind. These findings suggest that despite the overall increase in impervious area, the shift in land use from agricultural to developed generally results in decreased pollution loadings. Since agricultural processes include excess application of fertilizers with high nitrogen and phosphorous content, a decrease in this land area would likely yield lower nutrient pollution loadings to the Bay despite an overall increase in impervious area. While these overall trends are useful to conceptualize large-scale changes across the county, we wanted to zoom-in to focus on parcels that experienced a large change in land use and see how that impacted their nitrogen, phosphorus, and sediment loadings.
[bookmark: _bo4ud34h12a0]Trends in Land Use Conversion for Parcels of Interest
To more clearly define changes in land use, we isolated approximately 9% of parcels within Anne Arundel county that experienced less than -3.0% or more than +3.0% land use change for any of the three land use sectors, which totaled 18,279 parcels. These 18,279 parcels are displayed in our interactive dashboard and helped us draw more concrete conclusions about the significance of the land use conversion between 2013 and 2018. When reviewing the percent change in the proportion of land use conversion of those 18,279 parcels of interest, we found a similar trend in that the percent change of natural and agricultural land use decreased and the percent change of developed land use increased. However, the dominant land use conversion within these parcels of interest is natural to developed. In nearly all sub-watershed regions, there was an observed decrease (mean = -27.8%) in natural land use acreage from 2013 to 2018 and an observed increase (mean = 28.9%) in developed land use acreage. Agricultural land use in Anne Arundel county decreased by a mean of only 1.1% in those parcels of interest.
[bookmark: _61wetxphnkdt]Trends in Nutrient and Sediment Pollution Loadings for Parcels of Interest
One of the objectives of our analysis was to understand the relationship between land use conversion and nutrient pollution loads, and we found a significant increase in both nitrogen (mean = 61.9%) and phosphorus (mean = 13.4%) loadings and a decrease in sediment (mean = -15.1%) loadings within those parcels of interest from 2013 to 2018. While forests, wetlands, and other types of undeveloped lands tend to retain nutrients through plant uptake and other ecosystem processes, increases in impermeability via development tend to lead to large amounts of nutrient and sediment rich runoff. This, paired with an increased rate of flow due to a lack of friction on man-made surfaces, allows for increased runoff into nearby water bodies. Based on our literature review and findings presented above, we can infer that the conversion of natural land to developed land is likely to have contributed to these increases in nitrogen and phosphorus loadings as well as the decrease in sediment loadings.
Another interesting trend that we observed from our data is that the following three HUC 10’s have the most extreme increases in nitrogen and phosphorus and decreases in sediment: 206000312, 206000602, 206000604 (Figure 1.2). These HUC 10’s also had the greatest decrease in the percent change of natural land from 2013 to 2018. We hypothesize that the dominant land use change from natural to developed within these parcels of interest is likely a result of urban sprawl from cities on the eastern shore including Annapolis as well as the suburbs of Baltimore to the north. The eastern region of the county is very built out and there are additional protections in place that prevent certain developments within close proximity to the Bay. Historically, the western portion of Anne Arundel county has more agricultural and forested lands, so it makes sense that recent developments have extended into this area of the county. An increase in development means that there is a high rate of conversion of natural lands to impervious surfaces, which would explain why we have observed an increase in nitrogen and phosphorus loadings in those three HUC 10’s.
[bookmark: _bge83hphpncu]Assumptions and Limitations
	It is important to recognize that there were various assumptions and limitations to our analysis that may have impacted the results and conclusions drawn. First, we downloaded our data from the CBP’s Open Data Portal (HUC 12 and 1-meter resolution LULC data) and Maryland’s Department of Planning (county boundaries and parcel data), which we assumed to be most reliable for this analysis. While these are both dependable sources, we did run into some issues with the accuracy of the acreage values associated with each parcel. To address those discrepancies, we decided to calculate the area of each parcel using tools in ArcGIS Pro to ensure that these values were more accurate for subsequent calculations.
Another potential limitation to our calculations are the CAST loading rates. These values are estimated at the edge-of-stream (EOS) scale and thus represent the nutrient and sediment load delivered to nearby streams or other water bodies. There was the option of using edge-of-tide (EOT) loading rates, but based on our goals and objectives, we opted for EOS values. As described on the CAST website, the EOS loading rates are provided in pounds per acre per year with the assumption of no management practices, independent of local nutrient application rates, location within the watershed, and physical characteristics (“About CAST,” n.d.). There were several assumptions made in formulating these loading values, which is important to consider when interpreting the validity of our results.
To ensure the 2013 and 2018 LULC layers were compatible with the CAST land use sectors, we reclassified the 48 specific LULC classes into the three land use sectors presented by CAST. The original LULC layer was very detailed with discrete land use classes, so it was necessary to simplify these land use types. We also acknowledge that natural land types such as forests and wetlands will likely generate different nutrient and sediment loads, as these ecosystems typically have varying capacities for nutrient cycling due to their abiotic and biotic composition. However, the CAST values do not provide sub-classified loading rates for different natural lands, so we must make a general assumption that all natural land types provide similar loading rates which will differ greatly from developed and agricultural lands. This reclassification method presents another example of an assumption that was made during the analysis, which may have ultimately impacted the accuracy of the results.
Lastly, our loading calculations are not accurate depictions of all the pollution loads delivered to the Bay as there are many other ways for nutrients to infiltrate the Bay including improper waste disposal, individual applications of fertilizer on a non-agricultural scale, and failing septic tanks. As a result, true loading rates associated with these cumulative activities may be much larger than the values estimated in this retrospective analysis. Remediative efforts could have also potentially impacted our predicted loading rates. Our analysis focuses on the impacts of land use change on nutrient and sediment pollution and does not include other sources.
[bookmark: _8y2mkitbcbv]Key Takeaways
While our analysis focused solely on Anne Arundel county, Maryland, it provides valuable insight on expected trends from 2013 to 2018 throughout the Chesapeake Bay as a whole. Due to county restrictions and environmental protection efforts, development seems to be drifting away from the land near the Bay. This is reflected in our predicted loading values that decreased between 2013 and 2018. However, a closer look at the parcels in the county experiencing higher proportional land use change shows that nutrient loads are still relatively high, highlighting that current preventative and policy measures may not be enough to reduce the onset of eutrophication. Natural land, which has the lowest loading rates of the three land use types, is still being converted and leading to a high load delivery to the Bay. The county should look further into recent development trends and how land use has shifted in order to assess their progress towards achieving the TMDL goals. Future exploration should also look into additional factors other than land use that might mitigate or exacerbate loadings to the Bay. This could be an assessment of current agricultural management practices or incorporation of green infrastructure in urban design. Our analysis is a retrospective one, and future studies could delve into a forward-facing prediction tool paired with a time series analysis on development trends in recent years.

[bookmark: _l5bbjv4h1xyb]Conclusion
	As such, our retrospective analysis of land use change in Anne Arundel county from 2013 to 2018 reveals certain developmental trends that could be used to learn about land change behavior at a larger scale within the Chesapeake Bay watershed. Roberts et al, predicted that the Chesapeake Bay watershed would experience reductions in nitrogen and phosphorus loadings by 19% and 20%, respectively, despite increases in development (2009). Their conjecture is based on expected trends that the land is being converted from agricultural land use to developed land use. Through our analyses, we discovered a similar trend. We found that between 2013 and 2018 in Anne Arundel county, natural land experienced a -0.75% change, agricultural land experienced a -1.43% change, and developed land experienced a +4.33% change. This resulted in estimates of nitrogen, phosphorus, and sediment loadings decreasing by 1.97%, 3.02%, and 1.38%, respectively. While our study cannot confirm that surrounding counties experienced these same development trends from 2013 to 2018, we acknowledge that areas in proximity do often display similar behaviors regarding policy and public attitude. However, our data is unable to validate the predicted 19-20% nutrient loading decrease by 2030 based solely on land use change behavior.
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[bookmark: _8bh38wvgmu5e]Appendix A: Analytical Workflow
A. Anne Arundel LULC 2013 & 2018 Geoprocessing Model
We isolated land cover types for 2013 and 2018 within Anne Arundel County using the Extract by Mask tool.

B. HUC 10 Analysis Geoprocessing Model
We clipped the HUC 12 layer of the Chesapeake Bay to Anne Arundel county and then dissolved HUC 12 boundaries to HUC 10 boundaries to match the values for nitrogen, phosphorus, and sediment downloaded from CAST at the HUC 10 level.

C. Reclassifying LULC 2013 & 2018 Geoprocessing Model
We reclassified the 48 specific land use classes to the three land use sectors used by CAST including natural (1), developed (2), and agriculture (3). See Figure 1.1 below for details.

Figure 1.1: Reclassification of specific land use classes to CAST land use sectors.
	Specific Land Use Class
	Specific Land Use Value
	CAST Land Use Sectors
	CAST Land Use Value

	Estuarine/Marine
	11
	Natural
	1

	Lakes and Reservoirs
	12
	Natural
	1

	Riverine Ponds
	13
	Natural
	1

	Terrene Ponds
	14
	Natural
	1

	Lotic Water (fresh)
	15
	Natural
	1

	Bare Shore
	16
	Natural
	1

	Roads
	21
	Developed
	2

	Structures
	22
	Developed
	2

	Other Impervious
	23
	Developed
	2

	Tree Canopy over Roads
	24
	Developed
	2

	Tree Canopy over Structures
	25
	Developed
	2

	Tree Canopy over Other Impervious
	26
	Developed
	2

	Tree Canopy over Turf Grass
	27
	Natural
	1

	Turf Grass
	28
	Natural
	1

	Transitional Barren
	29
	Developed
	2

	Harvested Forest Herbaceous
	32
	Agriculture
	3

	Solar Field Herbaceous
	35
	Developed
	2

	Solar Field Scrub/Shrub
	36
	Developed
	2

	Extractive Barren
	37
	Developed
	2

	Extractive Impervious
	38
	Developed
	2

	Forest
	41
	Natural
	1

	Other Tree Canopy
	42
	Natural
	1

	Suspended Succession Barren
	51
	Developed
	2

	Suspended Succession Herbaceous
	52
	Developed
	2

	Suspended Succession Scrub/Shrub
	53
	Developed
	2

	Natural Succession Barren
	54
	Natural
	1

	Natural Succession Herbaceous
	55
	Natural
	1

	Natural Succession Scrub/Shrub
	56
	Natural
	1

	Riverine Wetland Barren
	61
	Natural
	1

	Riverine Wetlands Herbaceous
	62
	Natural
	1

	Riverine Wetlands Scrub/Shrub
	63
	Natural
	1

	Riverine Wetlands Tree Canopy
	64
	Natural
	1

	Riverine Wetlands Forest
	65
	Natural
	1

	Terrene Wetlands Barren
	71
	Natural
	1

	Terrene Wetlands Herbaceous
	72
	Natural
	1

	Terrene Wetlands Scrub/Shrub
	73
	Natural
	1

	Terrene Wetlands Tree Canopy
	74
	Natural
	1

	Terene Wetlands Forest
	75
	Natural
	1

	Cropland Barren
	81
	Agriculture
	3

	Cropland Herbaceous
	82
	Agriculture
	3

	Pasture/Hay Barren
	83
	Agriculture
	3

	Pasture/Hay Herbaceous
	84
	Agriculture
	3

	Pasture/Hay Scrub/Shrub
	85
	Agriculture
	3

	Tidal Wetlands Barren
	91
	Natural
	1

	Tidal Wetlands Herbaceous
	92
	Natural
	1

	Tidal Wetlands Scrub/Shrub
	93
	Natural
	1

	Tidal Wetlands Tree Canopy
	94
	Natural
	1

	Tidal Wetlands Forest
	95
	Natural
	1



D. HUC 10 & LULC 2013 Geoprocessing Model (this model was then duplicated for 2018)
We combined the HUC 10 layer with the reclassified land use sector layer in order to spatially join them. Then we multiplied each HUC 10 by 10 in order to add a 1, 2, and 3 at the end for each CAST land use sector. Outside of the geoprocessing modeler, we wrangled the edge of stream loading rates for nitrogen, phosphorus, and sediment that we downloaded from CAST. These rates were defined at the HUC 10 level for each land use sector for 2013 and 2018. In Excel, we isolated HUC 10’s within Anne Arundel county for each year and uploaded this dataset into our processed data folder in order to proceed with our analysis in ArcGIS Pro. Lastly, in the model, we joined the HUC 10 and LULC raster layer from the previous step to the nitrogen, phosphorus, and sediment table that we wrangled in Excel.

E. AA Parcel Raster Geoprocessing Model
We converted the Anne Arundel parcel layer from a polygon to raster and then joined the attributes of interest including acres, city, zip code, parcel, and object ID from the original polygon layer to the raster layer.
F. Binary Rasters 2013 Geoprocessing Model (this model was then duplicated for 2018) 
We created 3 binary raster layers for each CAST land use sector. Then, we calculated the zonal mean of each land use type within each parcel and joined these three layers together. This allowed us to define the percentage of each land use type in each parcel.

G. HUC 10 & Parcel Join Geoprocessing Model
We overlaid the HUC 10 layer with the parcel layer in order to spatially join them.

Outside of ArcGIS Pro in Jupyter Notebooks
We used Jupyter Notebooks to wrangle the table from the previous step before proceeding with the rest of our analysis. Since the parcel boundaries did not exactly align with HUC 10 boundaries, some parcels were listed twice as they fell within more than one HUC 10. To account for this inconsistency, we identified which parcels were listed twice in the table and then removed the occurrence with the lowest pixel count. This allowed us to assign the parcel to the HUC 10 it was predominately in. This wrangled dataset was then saved to the processed data folder and used for the remainder of our analysis in ArcGIS Pro.

H. Parcel & Pollution 2013 Geoprocessing Model (this model was then duplicated for 2018)
We combined the wrangled HUC 10 parcel table with the land use raster layer that included nitrogen, phosphorus, and sediment loading values.

I. Pollution Loading Calculation 2013 Part 1 Geoprocessing Model (this model was then duplicated for 2018)
We then joined the zonal means table to the HUC 10 parcel raster layer from the previous step in order to get the mean natural, mean developed, and mean agriculture land use types within each parcel.



J. Pollution Loading Calculations Part 2 Geoprocessing Model (this model was then duplicated for 2018)
We created three separate pollution tables for nitrogen, phosphorus, and sediment and used the Pivot Table tool to create one row for each HUC 10 and one column for each land use type (natural, developed, and agriculture). This was done for each of the three tables.

K. Pollution Loading Calculations Part 3 Geoprocessing Model (this model was then duplicated for 2018)
We joined three pollution tables created in the previous step to the HUC 10 parcel raster layer from step I. We calculated the total acreage of each land cover type in each parcel using the zonal means and acreage column, and then multiplied those values by the loading rate of each pollutant associated with that land cover type. Lastly, the values for each pollutant type were summed to calculate the total pollution load of nitrogen, phosphorus, and sediment.

L. Processed Table 2013 Geoprocessing Model (this model was then duplicated for 2018)
We exported this final table, joined it back to the parcel raster layer, and converted it to a polygon in order to use it for visualization purposes in ArcGIS Online.



[bookmark: _gl6lk11bgxml]Appendix B: Results Calculations
A) Overall Trends in Land Use Conversion

	
	Percent Natural Land
	Percent Developed Land
	Percent Agricultural Land

	2013
	74.75%
	16.01%
	9.24%

	2018
	74.19%
	16.70%
	9.11%




	Land Use Sector
	Total Estimated Acreage in 2013
	Total Estimated Acreage in 2018
	Percent Change

	Natural
	180,791
	179,436
	-0.75%

	Developed
	38,709
	40,385
	+4.33%

	Agriculture
	22,346
	22,026
	-1.43%












B) Overall Trends in Nutrient and Sediment Pollution Loadings


	Pollution Type
	Total Estimated Load in 2013 (lbs)
	Total Estimated Load in 2018 (lbs)
	Percent Change

	Nitrogen
	1,345,681
	1,319,184
	-1.97%

	Phosphorus
	123,631
	119,898
	-3.02%

	Sediment
	300,925,911
	296,787,666
	-1.38%


















C) Trends in Land Use Conversion for Parcels of Interest
	Natural Land Proportional 
Change From 2013-2018
	Count of Parcels
	Percent of Total Parcels

	x < -100 %
	1,090
	0.5%

	-100% ≤ x < -3% 
	12,041
	6.0%

	-3% ≤ x ≤ +3%
	182,042
	91.0%

	+3% < x ≤ +100%
	4,773
	2.5%

	x > +100 %
	0
	0.0%



	Developed Land Proportional Change From 2013-2018
	Count of Parcels
	Percent of Total Parcels

	x < -100 %
	0
	0.0%

	-100% ≤ x < -3% 
	4,610
	2.3%

	-3% ≤ x ≤ +3% 
	181,903
	91.0%

	+3% < x ≤ +100%
	12,326
	6.2%

	x > +100 %
	1,107
	0.5%



	Agricultural Land Proportional Change From 2013-2018
	Count of Parcels
	Percent of Total Parcels

	x < -100 %
	18
	0.0%

	-100% ≤ x < -3% 
	659
	0.3%

	-3% ≤ x ≤ +3% 
	199,156
	99.6%

	+3% < x ≤ +100%
	113
	0.1%

	x > +100 %
	0
	0.0%





[bookmark: _vtspxejdugku]Appendix C: Interactive Dashboard
Dashboard Access Link:
https://www.arcgis.com/apps/dashboards/c8e4394ce80a49b0880c947a9c4f8ada
Dashboard Overview
The interactive dashboard was designed so that the public, especially those in the Chesapeake Bay watershed could assess past land development changes in parcels that experienced a larger than 3% or less than -3% change in the proportion of land type. We hope that observations can shed light on patterns of development during the time period of study or even stimulate actions to further investigate current development trends in certain areas and how they may differ from that of our retrospective analysis. Our overall goal was to highlight potential development trends to outline how the area may be impacting eutrophication within the Chesapeake Bay and how certain areas could alter their actions to hopefully reduce impact to meet TMDL goals outlined by the EPA. As discussed in the results and discussion portion of the paper, we note that certain land building restrictions such as the critical water law may be the reasoning for development towards the west and further away from the bay. 
	We would like to emphasize that our nutrient and sediment loading data is contingent on CAST estimates and are based on numerous assumptions; our data does not account for current BMP practices, outside application of nutrients, and actions occurring within the eutrophied waters to reduce current nutrient impacts. It is also important to note that these changes occurred in 2013 and 2018, so they do not account for the current situation in Anne Arundel counties as changes many could have been applied in the past five years. Future goals in studying trends may be to generate a forward-facing analytical tool to predict loading trends in the future. 



Dashboard User Guide/Features
[image: ]
The dashboard opens to a display of a map of Anne Arundel county, with the parcels color coded in order to the change in land proportion they experienced. For example, the red shows parcels in which greater than 3% of the land proportion changed from being used as natural land to developed use. The blue parcels correspond to those that experienced a large shift from developed land to natural land. The layer button located to the right upper hand corner of the map component allows for the user to turn layers on and off. There are four additional layers to the Change in Land Use as described below:[image: ]
1. USA Detailed Streams
Layer incorporating the streams within Anne Arundel county and other surrounding counties. To give the user an idea on the spatial distribution of natural water bodies that could contribute to the loading of nutrients and sediment into the bay. 
2. Sediment Loading Difference (2013-2018)
Layer with the parcels in blue with the hues classified by natural breaks based on the sediment loading increases/ decreases they experienced. The differences are reported in pounds. Clicking on a specific parcel will allow for a pop-up with data reporting sediment loading in 2013, sediment loadings in 2018, the calculated difference in loading values between 2013-2018, the percent change in sediment loadings. Other parcel identifiers are listed as well. 
3. Nitrogen Loading Difference (2013-2018)
Layer with the parcels in red with the hues classified by natural breaks based on the nitrogen loading increases/ decreases they experienced. The differences are reported in pounds. Clicking on a specific parcel will allow for a pop-up with data reporting nitrogen loading in 2013, nitrogen loadings in 2018, the calculated difference in loading values between 2013-2018, and the percent change in nitrogen loadings. Other parcel identifiers are listed as well. 
4. Phosphorus Loading Difference (2013-2018)
Layer with the parcels in orange with the hues classified by natural breaks based on the phosphorus loading increases/ decreases they experienced. The differences are reported in pounds. Clicking on a specific parcel will allow for a pop-up with data reporting phosphorus loading in 2013, phosphorus loadings in 2018, the calculated difference in loading values between 2013-2018, and the percent change in phosphorus loadings. Other parcel identifiers are listed as well.
[image: ]
The dashboard allows the user to first select a HUC10 in the top right hand corner of the dashboard. This allows the user to find their potential area of focus or look at the trends that we have analyzed. As the HUC10 is selected, the parcel indicator filters in the right bottom hand corner to count the number of parcels in Anne Arundel that experienced greater than ±3% change in land proportion for a certain land use type within that selected HUC10. The table below on the bottom also simultaneously populates itself with details regarding the individual parcels within that HUC 10. The table provides parcel data on: 
· County assigned parcel ID
· City
· Zip code
· HUC10 
· Total acreage
· Acreage of natural land in 2013
· Acreage of natural land in 2018
· Proportional difference in natural land
· Acreage of developed land in 2013
· Acreage of developed land in 2018
· Proportional difference in developed land
· Acreage of agricultural land in 2013
· Acreage of agricultural land in 2018
· Proportional difference in agricultural land
· Percent change in sediment loadings
· Percent change in nitrogen loadings
· Percent change in phosphorus loadings
[image: ]
The user can choose to further filter by zip code.
When a user has narrowed down and found a parcel of choice, they may click on the row in the table of the corresponding parcel. The map will auto zoom to the parcel of choice and the pie tables will automatically fill to show the land type distribution of the selected parcel. The individual can also manually select the parcel within the map and generate pop-up data pertaining to the selected parcel. However, due to a limit on the dashboard “actions” tools, the pie charts will not populate unless the parcel is selected through the table. 
Note that at any point in time, the different map layers can be turned on and off. Due to dashboard technicalities, the legend and the layer button will disappear if the scale of the map goes below 100ft. One only needs to zoom out of the map to regain the layer button and the map legend. The dashboard search can be reset with the clockwise pointing arrow in the bottom right hand corner once a parcel has been selected via a row in the table. 
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